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A Comparative Study of the Succinic Dehydrogenase-Cytochrome 
System in Heart Muscle and in Kidney 


By E. C. SLATER (British Council Scholar), The Molteno Institute, University of Cambridge 


(Received 22 October 1948) 


Most of our knowledge concerning the components 
of the system of enzymes which catalyses the aerobic 
oxidation of succinate has been gained from studies 
of this system in enzyme preparations obtained from 
heart muscle. Since, in recent years, kidney has been 
used by many workers as the source of the succinic 
oxidase system, it seemed desirable to make a com- 
parative study of this enzyme system in kidney and 
heart muscle. Such a comparison seemed especially 
necessary in view of the statement of Keilin & 
Hartree (1940) that kidney (as well as liver and other 
organs) does not contain a normal cytochrome }, 
which is an essential component of the succinic 
oxidase system in heart muscle. 

This paper describes a study of the succinic 
oxidase system in the two tissues, using both mano- 
metric and spectroscopic methods. A preliminary 
account of some of these findings has appeared else- 
where (Slater, 1948). 


METHODS 


Enzyme preparations 


Heart-muscle preparation. This was prepared from horse 
heart according to the method of Keilin & Hartree (1947). 
Minced heart (330 g.) was thoroughly washed by stirring 
with about 51. tap water for about 15 min. The mince was 
collected on muslin, squeezed hard to remove water, and 
this process repeated about 8 times until the wash liquor 
was colourless. The washed muscle was then ground in 
a mechanical mortar with 100g. sand (acid washed) and 
500 ml. 0-02m-phosphate buffer, pH 7-3, for 2 hr. The thick 
suspension was diluted with 200 ml. 0-02 m-phosphate buffer 
and centrifuged for 20 min. at 2000 rev./min. The super- 
natant cloudy solution was cooled to 0-5° and brought to 
pH 5-7 with n-acetic acid. The precipitate was immediately 
collected by centrifuging in the cold at 2000 rev./min. for 
15 min., the supernatant discarded, and the residue suspended 
in an equal volume of 0-1M-phosphate buffer, pH 7-3. The 
pH of this preparation was 7-1. 

The variation in the activity of different preparations was 
quite small; the Qo, of the succinic oxidase system for 
twenty-one preparations varied between 307 and 740, but 
was usually between 550 and 700, when fresh heart was used. 

Keilin & Hartree (1938) introduced the step involving 
precipitation with acid for two reasons, viz. (1) to con- 
centrate the preparation in order to make it more suitable 
for spectroscopic purposes, and (2) to remove the last traces 
of soluble substances such as cozymase, which inhibits the 
oxidation of succinate by heart-muscle preparation (Keilin 
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& Hartree, 1940), and myoglobin, which interferes with the 
spectroscopic observations ofthe cytochromes. Inthe present 
study it was found that the precipitation with acid increased 
the enzymic activity of the original phosphate extract by 
50%, probably due to the removal of proteins which are 
soluble at pH 5-7, as well as to removal of inhibitors. 
Activities about 20% higher than those obtained by 
the Keilin & Hartree (1947) method were obtained by 
centrifuging the neutral phosphate extract at high speed 
(12,000 rev./min.), instead of acidifying. The activities of 
the succinic dehydrogenase, the cytochrome oxidase and of 
the complete succinic oxidase system were all increased to 
about the same degree. Probably this difference between 
the activities obtained by the two methods is due to protein 
which is soluble at pH 7-3, but precipitated at pH 5-7. The 
amount of this protein will depend, to a certain extent, on 
the thoroughness of the preliminary washing of the heart- 
muscle mince. 

The succinic oxidase system is distinctly unstable at 
pH 5-7 at room temperature, and it is important to carry out 
the precipitation and subsequent centrifugation at below 
5°. Since the succinic oxidase system is much more unstable 
to acid than the succinic dehydrogenase or the cytochrome 
oxidase (Keilin & Hartree, 1940), the finding that the 
relative activities of the succinic oxidase system in the two 
preparations, obtained by high-speed centrifugation and 
acidification respectively, are approximately the same as 
the relative activities of succinic dehydrogenase and cyto- 
chrome oxidase shows that acidification at low temperature 
does not cause any inactivation of the succinic oxidase 
system. It was found that the heart-muscle preparation 
could be precipitated a second time at pH 5-7 at 5°, washed 
with cold water and resuspended in phosphate buffer without 
loss of activity, but a further precipitation caused a con- 
siderable loss of activity. This is probably due to a physical 
effect on the macromolecular particles, since the inactivation 
can be reversed by treatment with various protein pre- 
parations (Stern & Melnick, 1939; Keilin & Hartree, 1949). 
Precipitation at pH 4-6 at room temperature, as used by 
some authors (e.g. Ogston & Green, 1935), is certain to lead 
to considerable inactivation. 

Kidney preparation. Pieces of horse-kidney cortex about 
1x 1x} in. were treated in a Waring blender with 0-02m- 
phosphate buffer for about 5 min. The mixture was centri- 
fuged for 20 min. at 2000 rev./min., and the cloudy red 
supernatant centrifuged at 12,000 rev./min. for 30 min. in 
a Servall angle centrifuge. The supernatant was discarded 
and the residue washed twice with water, centrifuging for 
30 min. at 12,000 rev./min. after each washing. The residue 
was suspended in an equal volume of 0-1M-phosphate 
buffer, pH 7-3. 

Both the heart-muscle and kidney preparations used in 
the presenti nvestigation contained a considerable amount 
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of fat, viz. 30% in the heart-muscle preparation (cf. Stern, 
1939) and 20% in the kidney preparation. 

Cytochrome c. The cytochrome c, which was prepared by 
the method of Keilin & Hartree (1945), contained 0:34% Fe. 
The concentration of cytochrome c in the solution was 
determined spectrophotometrically, using a Hilger-Nutting 


spectrophotometer. 





Measurement of enzyme activities 


All measurements of enzyme activities were made in 
Barcroft differential manometers at 37-39°. Phosphate 
buffer, pH 7-3, was used in all methods. All activities are 
expressed as Qo, (ul. O,/mg. fat-free dry wt./hr.). 

Succinic oxidase system. The activity of the complete 
succinic oxidase system was measured in the presence of 
excess cytochrome c. To 0-2 ml. of a heart-muscle prepara- 
tion, diluted fivefold with 0-18m-phosphate buffer, were 
added 2-7 ml. 0-18M-phosphate buffer and 0-2 ml. 1:1% 
cytochrome c; after temperature equilibration, 0-2 ml. 
0-4m-Na, succinate was added by dislodging a dangling tube. 
The equilibration was carried out for not longer than 20 min. 
and at a low rate of shaking, since rapid shaking for long 
periods caused considerable inactivation of the succinic 
oxidase system (20% after 1 hr.) and of cytochrome oxidase, 
with little effect on the succinic dehydrogenase. The activity 
of the kidney preparation was measured in the same way, 
except that 1-7 ml. of the phosphate buffer and 1-0 ml. water 
were used. Final concentrations were: phosphate, 0-15 in 
the case of the heart-muscle preparation and 0-10M in the 
case of the kidney preparation; succinate, 0-024M; cyto- 
chrome c, 4 x 10-5m. The O, uptake between 5 and 15 min. 
after adding the succinate was used as the measure of the 
activity of the succinic oxidase system. This rate is about 
5% less than the initial rate (obtained by extrapolation). 

Succinic dehydrogenase. To 0-2 ml. of an enzyme pre- 
paration, diluted fivefold with 0-18m-phosphate buffer, were 
added 2-3 ml. (heart muscle) or 1-7 ml. (kidney) 0-i8m-phos- 
phate buffer, 0-3 ml. 0-01M-methylene blue and 0-3 ml. 
0-1M-KCN (neutralized). In the case of the kidney pre- 
paration, 0-6 ml. water was also added. After temperature 
equilibration, 0-2 ml. 0-4mM-Na succinate was added by 
dislodging a dangling tube. Final concentrations were 
phosphate, 0-15 (heart muscle) or0-10m(kidney) ; succinate, 
0-024M; methylene blue, 0-0009™m; cyanide, 0-009M. The O, 
uptake between 5 and 15 min., or between 5 and 25 min., 
after the addition of succinate was used as the measure of 
succinic dehydrogenase activity (the rate of O, uptake was 
practically constant for 15 min. after the addition of 
succinate). 

Cytochrome oxidase was determined by the method de- 
scribed in another paper (Slater, 1949a). 


Determination of concentrations of haematin 
compounds 


Total protohaematin. The total protohaematin content was 
determined by matching, with a low dispersion micro- 
spectroscope, the intensity of the 548-560 my. band obtained 
by adding pyridine and reducing agent with that of the 
551-560 mz. band of pyridine protohaemochromogen, ob- 
tained in the same way from pure protohaemin. When 
pyridine (0-25 vol.) and Na,S,O, were added to the heart- 
muscle preparation, it turned pink in colour and the bandsof 
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cytochrome c (548-552 my.) and cytochrome 6 (562-566 mu.) 
were replaced by a broad band at 548-560 mu. (cf. Keilin, 
1926). It was found that the addition of pyridine and 
Na,.S,0, to cytochrome ¢ did not alter its absorption 
spectrum. (This may be because cytochrome c, which is 
unusually stable, does not form a pyridine haemochromogen 
under these conditions. In any case, however, the position 
and probably the intensity of the band would not be altered 
since Hill & Keilin (1930) found that the haematin of cyto- 
chrome c gave a pyridine haemochromogen with bands in the 
same position as cytochrome c.) The short wave length 
margin of the broad band is therefore derived from cyto- 
chrome c. The longer wave length portion of this band is due 
to pyridine protohaemochromogen, derived from protohae- 
matin compounds present in the heart-muscle preparation. 
A mixture of pure cytochrome c and pyridine haemochro- 
mogen from pure haemin in the same concentrations as 
found in heart-muscle preparation gavea band at 548-560 mp. 
indistinguishable from that given by heart muscle. The value 
obtained for the total protohaematin content is probably 
slightly high, since the cytochrome ¢ present in the heart- 
muscle preparation will show some absorption in the middle 
of the 551-560 my. band, but the error is quite small 
especially in the case of the kidney preparation, since the 
total protohaematin content of both preparations is much 
higher than that of cytochrome c. 

Cytochrome c. The cytochrome c content was determined 
by direct comparison of the intensity of the 548-552 my. 
band obtained by adding Na,S,0, to heart-muscle pre- 
paration with the band obtained from pure cytochrome ec, 
standardized spectrophotometrically. This value also may 
be a little high, owing to the probability of absorption of 
cytochrome b at this wave length. However, it appears that 
this error is not very serious, since treatment of the pre- 
paration with ascorbic acid under anaerobic conditions, 
which causes the appearance of the c band only, gave 
essentially the same results. 

Cytochrome b. The figures for the cytochrome 6 content are 
much less certain than the other values, since pure cyto- 
chrome b is not available for comparison. The figure for the 
heart-muscle preparation was calculated in the following 
way. The intensity of the b band was considered to be about 
20% jess than that of the c band; it was assumed* that the 
absorption coefficient of cytochrome b is the same as that of 
eytochromec, since both are haemochromogens of very similar 
haems. The cytochromed content of the heart-muscle prepara- 
tion was therefore 80 % of the cytochromec content. In kidney 
preparation the two bands were of about equal intensity. 

Cytochrome a +a, content. The relative cytochrome a +a, 
content was determined by comparing the intensities of the 
band at 603-607 my.; this is mainly due to cytochrome a, 
but the relative concentration of a and a, appears to be 
constant (Keilin & Hartree, 1939). 


Weight of the fat-free dried enzyme preparation 


Enzyme preparation (1 ml.) was diluted with 5 ml. 
water in a weighed centrifuge tube, and 1 ml. 20% tri- 
chloroacetic acid added. The flocculent precipitate was 

* The validity of this assumption is supported by the 
finding of Bach, Dixon & Zerfas (1946) that the absorption 
coefficient of the « band of cytochrome 6, is of the same order 
as that of cytochrome c. 
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collected by centrifugation, the supernatant siphoned off 
and the residue washed by centrifugation, once with 5 ml. 
50% ethanol and once with 5 ml. 96 % ethanol. The residue 
was dried to constant weight at 100°. 


RESULTS 


Examination of the methods of measuring the 
activities of succinic dehydrogenase and of the 
succinic oxidase system 


Substrate concentration. The effect of substrate 
concentration on the activity of the succinic oxidase 
system and of succinic dehydrogenase in the heart- 
muscle preparation is shown in Fig. 1. Highsuccinate 
concentrations cause a definite inhibition of the 
complete system but not of succinic dehydrogenase. 
This suggests that the inhibitory effect of high 
succinate concentrations on the succinic oxidase 
system previously reported by several investigators 
is not due to a specific action of succinate, but is 
a salt effect. Other salts, for example phosphate 
buffer, have the same action on the complete system, 
with little effect on the succinic dehydrogenase 


300 


200 
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100 





008 012 


010 
Concentration of sodium succinate (m) 
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Fig. 1. The effect of concentration of sodium succinate on 
the activity of the succinic oxidase system (curve A) and 
of succinic dehydrogenase (curve B) in heart-muscle pre- 
paration (0-04 ml.). Curve A, phosphate, 0-15m; cyto- 
chrome c, 4x10-°m. Curve B, phosphate, 0-15m; 
methylene blue, 0-0009M; cyanide, 0-009M. (Different en- 
zyme preparations were used for the measurements of the 
succinic oxidase system and of succinic dehydrogenase.) 


(Keilin & Hartree, 1949; Slater, 19496). The optimal 
succinate concentration is about 0-02m for both 
succinic dehydrogenase and the complete system. 
This is a little lower than the optimum found by 
Schneider & Potter (1943), using a different type of 
preparation (kidney homogenate). The finding of 
Elliott & Grieg (1938) that the optimal succinate 
concentration is less for the reaction with methylene 
blue than with oxygen is not supported by Fig. 1. 
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Concentration of methylene blue. Methylene blue 
is a very sluggish carrier compared with the cyto- 
chrome system. The activity of the succinic de- 
hydrogenase was increased by increasing the 
methylene blue concentration throughout the range 
shown in Fig. 2. However, it was decided to limit 
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Fig. 2. The effect of concentration of methylene blue on the 
activity of succinic dehydrogenase in heart-muscle pre- 
paration ; succinate, 0-024M; cyanide, 0-009m; phosphate, 
0-15; 0-04 ml. heart-muscle preparation. 


the methylene blue concentration to 0-0009M, even 
though this concentration was far below the optimum, 
to avoid the toxic action of methylene blue on the 
enzyme. The presence of 0-01M-cyanide, added to 
prevent oxidation through the cytochrome system, 
inhibits the rate of reduction of methylene blue by 
succinate. For these reasons the absolute values of the 
succinic dehydrogenase activity determined by the 
method described have no significance and cannot be 
compared with the activity of the complete system. 
This is the explanation of the apparent anomaly that 
the activity of the complete system in a carefully 
prepared heart-muscle preparation is always greater 
than that of succinic dehydrogenase, which is an 
essential constituent of the complete system. The 
method described is, however, suitable for comparing 
succinic dehydrogenase activities, if measurements 
are always carried out in the same way. 

Cytochrome ¢ concentration. The effect of the con- 
centration of added cytochrome c on the activity of 
the complete succinic oxidase system in the heart- 
muscle and kidney preparations is shown in Fig. 3. 
With both preparations, 4x 10->m added cyto- 
chrome c was sufficient for practically optimal 
activity. 
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Enzyme concentration. The effect of enzyme con- 
centration on the succinic oxidase and succinic de- 
hydrogenase activities is shown in Fig. 4. Under the 
conditions of the experiments, a straight line, which 
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Fig. 3. The effect of concentration of added cytochrome c on 
the activity of the succinic oxidase system in heart- 
muscle preparation (curve A) and kidney preparation 
(curve B); succinate, 0-024m; phosphate, 0-15m (heart 
muscle) and 0-10M (kidney) ; 0-04 ml. enzyme preparation. 
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Fig. 4. The effect of concentration of heart-muscle pre- 
paration on the rate of oxidation of succinate in phosphate 
buffer (0-15) alone (curve A), in the presence of 4 x 10-5u 
added cytochrome c (curve B), and in the presence of 
potassium cyanide (0-009M) and 0-0009m methylene blue 
(curve C). Succinate (in all cases), 0-024m. 


did not pass through the origin, was obtained up to 
a concentration of 0-04 ml. heart-muscle preparation 
per flask (total fluid volume = 3-3 ml.). There was 
a slight falling away from this straight line at higher 
concentrations. 

Phosphate concentration. The concentration of 
phosphate buffer has a marked effect on the activities 
of the succinic oxidase system (Keilin & Hartree, 
1949; Slater, 19496) and of the cytochrome oxidase 
(Quinlan-Watson & Dewey, 1948 ; Slater, 1949a), but 
has little influence on the succinic dehydrogenase 
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(Slater, 1949b). The concentrations of phosphate 
buffer given in the above methods are approximately 
optimal for the enzyme concerned. 


Cytochrome system in kidney preparation 

Kidney cannot be washed free from haemoglobin 
in the same way as heart muscle, since minced 
kidney is readily dispersed merely. by washing in 
water. Accordingly, Keilin & Hartree (1940) used 
such a dispersion of kidney as the starting material 
for their preparation, and removed the haemoglobin 
and other soluble substances by precipitating at 
pH5-5. It should be noted that, in this case, the acid 
precipitation was used to remove all the soluble sub- 
stances which could be removed in this manner; in 
the case of the heart muscle, this treatment is used 
only to remove the last traces of soluble substances 
which survive the exhaustive preliminary washing 
of the minced heart muscle. As suitable apparatus 
was available, it was decided to use a different 
method from that used by Keilin & Hartree (1940) 
for preparing the enzyme solution. The kidney was 
dispersed in a Waring blender, and the resultant 
strongly coloured dispersion was freed from soluble 


substances by centrifugation at high speed and , 


washing the residue with water. The method is 
described in detail on p. 1. 

The preparation showed a very faint band at 
580 mz., probably due to traces of residual haemo- 
globin. On adding succinate, a spectrum essentially 
the same as that obtained with heart muscle was 
observed, but with the following differences: (1) all 
bands, but particularly the b and c, were considerably 
weaker (see p. 5); (2) the 6 band was at 560 mz., 
compared with 564 my. in the case of the heart- 
muscle preparation. As is the case with heart-muscle 
preparation, the bands disappeared on shaking with 
air, but reappeared much more slowly than in heart 
muscle when the shaking was stopped. This shows 
that the succinic dehydrogenase activity reiative to 
that of cytochrome oxidase was considerably lower 
in the kidney preparation, a conclusion which was 
confirmed by manometric experiments (see p. 5). 

When Na,8,O, was used instead of succinate, the 
a band was the same as before, but a strong shading 
appeared between the b and c bands, giving the 
appearance of asingle diffuse band with twomaxima. 
Thus the kidney preparation contains a substance 
which gives with Na,S,0,, but not with succinate, 
a band at about 550-560 my.; this may be denatured 
protein-haemochromogen. At the temperature of 
liquid air, a kidney preparation diluted fivefold and 
treated with Na,S,O, showed two absorption bands, 
a strong band at 555-559 mp. and a weaker band 
at 547-549 mp. It seems that at the temperature 
of liquid air the band due to cytochrome c shifts 
towards the blue end of the spectrum, while the 
550-560 my. band is narrowed and intensified and 
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fuses with that of cytochrome 6, which also moves 
towards the short wave length. 

Pyridine and Na,S,O, gave a spectrum essentially 
the same as that obtained with heart-muscle pre- 
paration, viz. an intense band at 548-560 my. and 
a weaker band at 580-590 mp. The band at 548- 
560 my. was as intense as with heart muscle, while 
the 580-590 my. band was much weaker. At the 
temperature of liquid air, the former band was 
intensified and sharpened (550-554 my.). 

Cytochromes 6 and ¢ can be readily differentiated 
by making use of the following properties: (1) quinol, 
p-phenylenediamine and ascorbic acid reduce cyto- 
chromes c and a only, not cytochrome b (a very faint 
6 band appears with ascorbic acid, but only after 
standing for about 30 min.) ; (2) when succinate and 
phenylurethane are added to the enzyme preparation 
and the mixture shaken with air, the b band alone 
is visible (cf. Keilin, 1925; Keilin & Hartree, 1940). 
The heart-muscle and kidney preparations behaved 
in the same way, as regards these reactions. Thus, 
kidney contains both cytochromes 6 and ¢ which 
appear to have essentially the same properties as in 
heart muscle. The only qualitative difference is that 
the cytochrome 6 band occupies a slightly different 
position. 

Keilin & Hartree (1940) found that, in kidney 
preparations, the usual cytochrome b and c bands 
were replaced by a single wider band (with centre at 
555 mu.), which was considered to be the same as that 
of cytochrome 6, found in certain micro-organisms. 
The present work shows, however, that these observa- 
tions of Keilin & Hartree (1940) can be explained by 
the presence of a compound reducible by Na,S,0, 
which masks the bands of cytochromes b and c¢, since 
these authors used Na,S,O,, not sodium succinate, 
as the reducing agent. If, as is probable, this com- 
pound is denatured protein haemochromogen, it 
would be expected that Keilin & Hartree’s (1940) 
preparation, obtained by acid precipitation, would 
contain more of this compound than the preparation 
used in the present investigation ; consequently, the 
two maxima which were observed even with 
Na,S,O, at room temperature in the present study 
might be completely masked and only one band be 
visible. The spectrum obtained with Na,S,O, at the 
temperature of liquid air was approximately the 
same as that described by Keilin & Hartree (1940), 
except that the latter authors give the position of 
the weaker band as 551 my., compared with 548 my. 
obtained in the present study. This difference could 
be explained by the relatively greater intensity of the 
stronger band in the Keilin & Hartree (1940) pre- 
paration compared with that in the preparation used 
in the present study, since the position of a weak 
band can be changed by a strong band in the near 
vicinity. This weakens Keilin & Hartree’s argument 
that, since at the temperature of liquid air the band 
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of pure cytochrome ¢ shifts to 547 my., the kidney 
preparation contains no cytochrome c. 


Comparison of the succinic dehydrogenase-cytochrome 
system in heart and kidney preparations 

In Table 1 are compared the activities in heart- 

muscle and kidney preparations of the complete 

succinic oxidase system and of its component parts, 

the succinic dehydrogenase and cytochrome oxidase, 


Table 1. Relative enzyme activities and concentrations 
of haematin compounds in heart-muscle and kidney 
preparations 
(All activities are based on fat-free dry weight. The methods 

of determining succinic oxidase, succinic dehydrogenase and 

cytochrome oxidase activities and the amounts of cyto- 
chrome c, cytochrome b, cytochrome a +a, and total proto- 
haematin compounds are described under ‘Methods’. The 
amount of catalase was determined by comparing the rate 
of evolution of O, when H,O, was added to a suitably diluted 
heart-muscle or kidney preparation with that obtained, under 
the same conditions, by adding H,0, to the same enzyme 
preparation to which a small amount of a solution of pure 
catalase was added. The concentration of catalase in the 
latter solution was determined by comparing the intensity of 
the pyridine haemochromogen band with that obtained from 


crystalline haemin.) Ratio, 

heart- 

Heart muscle: 

muscle Kidney kidney 
Succinic oxidase (Qo,) 625 200 3-1 
Succinic dehydrogenase (Qo,) 240 67 3-6 
Cytochrome oxidase (Qo,) 200 1380 2-3 
Protohaematin (umol./g.) 1-8 1:8 1-0 
Cytochrome ¢ (umol./g.) 0-8 0-27 3-0 
Cytochrome b (umol. haematin/g.) 0-64 0-27 2-4 

Catalase (umol. haematin/g.) 0-002 0-034 0-05 

0-54 1-9 


Cytochrome a +a; (arbitrary units) 1 


and also of the amounts of the cytochromes and 
protohaematin compounds. It should be noted that 
the actual figures for the succinic dehydrogenase 
activity have no absolute significance, and can be 
compared only with one another, not with the 
succinic oxidase and cytochrome oxidase activities. 
The cytochrome oxidase activity can, however, be 
compared with the activity of the complete succinic 
oxidase system. The activities of the succinic de- 
hydrogenase and of the complete succinic oxidase 
system are about three times as high in the heart- 
muscle as in the kidney preparation, and this ratio is 
similar to the relative intensities of the cytochrome 
b band. This agrees with the usual finding that cyto- 
chrome b is closely associated. with succinic dehydro- 
genase. The heart-muscle preparation has about 
twice the cytochrome oxidase activity of the kidney 
preparation and also about twice the content of 
cytochrome a+a3, which agrees with the finding of 
Keilin & Hartree (1939) that there is a fairly close 
correlation between the cytochrome oxidase activity 
and the intensity of the a+ a, band. 








It has been mentioned above that the figure given 
for the protohaematin content does not include more 
than a small fraction of the cytochrome c. It does 
probably include the cytochrome b, but the amount 
of this component is quite insufficient to account for 


the intensity of the pyridine haemochromogen band. y 


Thus, the total protohaematin content of the heart- 
muscle preparation is nearly three times that of 
cytochrome 6, while the corresponding ratio for the 
kidney preparation is nearly seven. It is interesting 
that, although the heart-muscle preparation is much 
richer than the kidney in the cytochromes, both 
contain about the same concentration of proto- 
haematin compounds. These figures show that both 
enzyme preparations contain considerable amounts 
of a haematin compound (or compounds), whose 
spectrum is not visible either before or after the 
addition of Na,S,0,. Onesuch compound is catalase, 
but the amount of this enzyme is insufficient to 
account for more than a very small fraction of the 
discrepancy between the cytochrome b and the total 
protohaematin content. The kidney preparation 
contains traces of haemoglobin and some denatured 
haematin compounds, but insufficient in amount to 
account for the sixfold discrepancy in that pre- 
paration. Certainly, such compounds are not 
responsible for the discrepancy in the heart-muscle 
preparation, since a carefully made heart-muscle 
preparation shows no signs of haemoglobin or 
denatured protein compounds. 

It is concluded, therefore, that these preparations 
contain unidentified haematin compounds (or one 
compound). The fact that the spectra of these com- 
pounds are not usually visible in the concentrations 
in which they are normally found in these prepara- 
tions suggests that they are not haemochromogens 
like cytochrome, but resemble compounds of the 
type of methaemoglobin, catalase or peroxidase, 
which show only weak absorption bands in either 
the oxidized or reduced states. That tissues contain 
a haematin coinpound in addition to the cytochromes 
(or even in its absence) was deduced by Keilin (1926, 
1929) many years ago on the basis of the great 
increase in the intensity of the absorption band on 
the addition of pyridine and reducing agent to many 
tissues. At first, Keilin believed that the compound 
was free haematin itself, but he and Hartree 
(Keilin & Hartree, 1947) have recently shown that 
haematin is a strong inhibitor of succinic dehydro- 
genase in low concentrations and have concluded 
that ‘not only the cytochrome compounds, cata- 
lase and peroxidase, but all other forms of intra- 
cellular haematin exist as compounds with proteins’ 
(see also Keilin & Hartree, 1949). The nature 
of these haematin compounds must await further 
investigation. There is evidence (Slater, 1949c) 
that at least a part of this haematin fraction is 
probably concerned, like the cytochromes, in the 
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transfer of electrons from substrate to molecular 
oxygen. 

The point has been made above that the cyto- 
chrome system of kidney preparation does not differ 
in any important respect from that of the heart- 
muscle preparation. Similarly, it seems that there 
are only minor differences in the succinic oxidase 
systems. It is shown in another paper (Slater, 1949c), 
that both tissues require a factor for the reduction 
of cytochrome c by cytochrome b. One point of 
difference between heart-muscle and kidney pre- 
parations is that the endogenous cytochrome ¢ of the 
kidney preparation is relatively less active than that 
in the heart-muscle preparation. Thus, Fig. 3 shows 
that the addition of 6 x 10-5m-cytochrome c to the 
heart-muscle preparation increased the activity by 
about 50 % (this is a greater increase than found with 
most heart-muscle preparations; the usual increase 
is only about 20-30%), while the same amount of 
cytochrome c had a much greater effect on the 
kidney preparation, whose activity was increased 
about 300%. It is important to note that the con- 
centration of cytochrome ¢ necessary for maximum 
activity (4x 10->m) is very much higher than that 
actually present in the heart-muscle preparation. 
In fact, the amount of cytochrome c added to the 
manometric flask to give this concentration was 
3-3 mg., while the total weight of the heart-muscle 
preparation was usually only 1-2 mg. This illustrates 
the point already made by Keilin (1930) and Keilin 
& Hartree (1945, 1949) that added cytochrome c is 
very much less effective catalytically than the cyto- 
chrome c present in the heart-muscle preparation, 
where it is presumably attached to the particles in 
such a way that it is more readily accessible to the 
remainder of the system. This question is also 
discussed in another paper (Slater, 1949a). 


~ Succinic dehydrogenase and cytochrome b 


The suggestion has been made by Bach e¢ al. (1946) 
and by Ball, Anfinsen & Cooper (1947) that cyto- 
chrome 6 and succinic dehydrogenase are identical. 
To avoid confusion, it is necessary to distinguish 
between two meanings which are given to the term 
‘succinic dehydrogenase’. Strictly speaking, succinic 
dehydrogenase means the enzyme whichis specifically 
concerned in the activation of succinate ; however, it 
is often used to refer to that part of the succinic 
system which is concerned in the catalysis of the 
reduction of methylene blue by succinate. The 
following experiment was carried out to test the 
possibility that cytochrome 6 is part of succinic 
dehydrogenase, in this latter sense. 

A heart-muscle preparation (2 ml.) was placed in 
the main compartment of a modified Thunberg tube, 
with a side arm (described by Keilin & Hartree, 
1947); 0-1 ml. 0-003M-sodium succinate was placed 
in the side arm, and 0-3 ml. 0-001 M-methylene blue 
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in the hollowstopper. After evacuation, the succinate 
was added to the heart muscle and the spectrum 
observed with a low dispersion microspectroscope. 
The spectrum was the same as that obtained with 
a higher concentration of succinate except that the 
b band was a little weaker. On adding the methylene 
blue, the 6 band immediately almost completely 
disappeared while the c and a+a, bands remained 
visible. The methylene blue was only partially 
reduced, but its spectrum did not seriously obscure 
that of the cytochromes. When 2:6-dichlorophenol- 
indophenol was used instead of methylene blue, the 
dye was immediately decolorized and the 6 band im- 
mediately disappeared. These observations strongly 
suggest that cytochrome bis involved in the reduction 
of methylene blue and 2:6-dichlorophenolindophenol 
by succinate. It is impossible at present to state 
whether cytochrome bis directly reduced by succinate 
or if this reduction requires an additional enzyme, 
which is the true succinic dehydrogenase. The 
solution of this question must await the isolation of 
either succinic dehydrogenase or cytochrome b, which 
can then be examined to see if it has the properties 
of the other. ° 
DISCUSSION 

Both the heart-muscle and kidney preparations are 
largely composed of small particles in colloidal 
solution, possessing a very high enzymic activity. 
Keilin & Hartree (1938, 1939, 1940) have pointed out 
that such preparations behave in many respects like 
the living cell: in particular, the respiration is 
affected by inhibitors in the same way as is the 
respiration of the living cell. These preparations, 
especially the more active one from heart muscle, 
are therefore very suitable for the study of many 
problems concerned with intracellular respiratory 
catalysis. The absence of a cell wall eliminates 
difficulties associated with diffusion through such a 
barrier, but it has been suggested (Slater, 1949) that 
problems of diffusion, especially of large molecules, 
cannot always be dismissed when working with such 
a preparation. Keilin & Hartree (1949) have shown 
that the physical properties of these preparations 
are of paramount importance and must be carefully 
controlled in studies of the action of inhibitors. This 
point is further examined in another paper (Slater, 
1949b). 

It might be expected that the drastic mechanical 
treatment given, especially to the heart muscle, viz. 
grinding with sand in a mortar for 2 hr., would 
completely destroy the organization which exists 
within the living cell. However, this cannot be the 
case, since the particles have a very high enzymic 
activity, even of the complex succinic oxidase 
system (the activity of which is, in fact, much higher 
in the heart-muscle preparation than in the washed 
minced heart muscle). An active succinic oxidase 
system must depend on a considerable degree of 
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organization, with each component situated in the 
correct spatial relationship to the component with 
which it reacts. It seems preferable, then, to regard 
these enzyme preparations as being solutions of some 
subcellular structure or macromolecules, rather than 
of unspecific fragments of the mass of the protoplasm. 

Keilin & Hartree (1939) have pointed out that the 
heart-muscle preparation contains a considerable 
amount of copper. This was confirmed in the present 
investigation. The total copper content of the heart- 
muscle preparation was found to be 0-0123%, a 
figure very similar to the 0-0129 % of non-dialysable 
copper found by Keilin & Hartree (1939). This is 
equivalent to 1-9 micromol. of copper/g. of fat-free 
heart-muscle preparation, which is the same order 
of magnitude as the total protohaematin content. It 
seems not unlikely that this copper is in the form 
of some catalytically active protein compound. 

The Qo, at 37°, of the cytochrome c¢ in the 
heart-muscle preparation may be calculated from 
the figures in Table 1. For purposes of this calcula- 
tion, it should be noted that the value for the 
succinic oxidase activity in Table 1 was obtained by 
measuring the rate of oxidation of succinate in the 
presence of excess cytochrome c. In the absence of 
added cytochrome c the value is about 20% lower; 
from this figure the Qo, of cytochrome c at 37° in the 
heart-muscle preparation is 38,000. This is about 
half the value found by Keilin & Hartree (1940) for 
yeast, viz. 80,000. The discrepancy is not surprising, 
since one would hardly expect to have retained, in 
the heart-muscle preparation, the complete organiza- 
tion existing in the living cell. That the factor is as 
low as 2 indicates that a high degree of organization 
is retained. 

The activity of the cytochrome oxidase is five 
times that of the succinic oxidase system. This is not 
unexpected since, in the cell, the oxidation of many 
substrates, in addition to succinate, passes through 
the cytochrome oxidase system. 


SUMMARY 


1. Methods of obtaining, from heart muscle and 
kidney, enzyme preparations which are suitable for 
the study of the succinic oxidase system and for the 
spectroscopic study of the cytochromes are described. 

2. The factors involved in the measurement of 
the succinic dehydrogenase activity and of the com- 
plete succinic oxidase system have been investigated. 

3. Kidney possesses essentially the same cyto- 
chrome system as is found in heart muscle. There is 
no evidence that cytochrome b, replaces cytochromes 
b and ¢ in the kidney. 

4. Quantitative measurements of the amounts of 
haematin compounds in the enzyme preparations 
suggest that both contain unknown haematin com- 
pounds, whose spectra are not normally visible. 














5. Evidence is produced suggesting that cyto- 
chrome 0 is involved in the catalysis of the reduction 
of methylene blue by succinate. 

6. Theenzyme preparations are colloidal solutions 
of particles, which are probably derived from some 
subcellular structure in the tissue. 

7. The fact that the molar concentration of 
copper in the heart-muscle preparation is of the 
same order of magnitude as that of the haematin 
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As has been discussed in the previous paper (Slater, 
1949a), the enzyme preparations used in the investi- 
gation of the succinic oxidase system are colloidal 
solutions of particles, which are probably derived 
from some subcellular structure in the tissue. The 
oxidation of succinate by molecular oxygen requires 
the co-operation of a number of electron or hydrogen 
carriers, which appear to be firmly attached to these 
particles. It is obvious that any one carrier will be 
unable to react with the carriers before and after it 
in the reaction chain unless the three are closely 
situated in or on the particle. Thus, the maintenance 
of the structure of the particle, which keeps these 
carriers in the correct spatial relationship to one 
another, is of paramount importance for the activity 
of the succinic oxidase system, as has been pointed 
out by Keilin & Hartree (1940, 1949). 

Substances which combine with specific groups 
in the enzyme molecule, thereby inhibiting the re- 
action catalysed by the enzyme, are widely used for 
studying the properties of enzymes. When dealing 
with a complex system of the type of the succinic 
oxidase system, the possibility must be considered 
that the inhibitor does not combine with any specific 


E. C. SLATER 





REFERENCES 


The Action of Inhibitors on the System of Enzymes which 
Catalyse the Aerobic Oxidation of Succinate 


By E. C. SLATER (British Council Scholar), The Molteno Institute, University of Cambridge 
(Received 22 October 1948) 





1949 


compounds suggests that a copper-protein compound 
might havesome catalytic function in the preparation. 

8. The Qo, (at 37°) of the cytochrome c in the 
heart-muscle preparation is 38,000, i.e. about half 
the value in yeast. 
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groups on the enzyme molecule, but acts non- 
specifically on the enzyme system as a whole, by 
affecting the properties of the particles in the solution 
in such a way as to impair the mutual accessibility 
of the components of the system. Thus, before 
inhibitors can profitably be used to obtain informa- 
tion about the components of the succinic oxidase 
system, the characteristics of the action of inhibitors 
of this latter type must be determined. 


METHODS 


The methods of obtaining the enzyme preparations and of 
measuring enzymic activities have already been described 
(Slater, 1949a). Except where otherwise stated, the succinic 
oxidase activity was measured in the presence of added 
cytochrome c (4x 10-5). All activities are expressed as 
Qo, (vl.O,/mg. fat-free dry wt./hr.). Most of the measure- 
ments of succinic dehydrogenase activity were made by the 
manometric method used in the previous paper, but in some 
cases the Thunberg procedure was used. 

Denatured globin (kindly supplied by Dr E. F. Hartree) had 
been prepared by the method of Keilin & Hartree (1947). 

Ca,(PO,). gel was prepared according to the method 
of Keilin & Hartree (1938). 
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RESULTS 
Effect of ageing 


The effect of keeping a preparation of heart muscle 
at 4° for several weeks on the activities of the 
succinic dehydrogenase and of the complete succinic 
oxidase system is shown in Fig. 1. It must be 
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Fig. 1. Effect of storage of heart-muscle preparation at 4° on 
the activities of the succinic oxidase and of succinic 
dehydrogenase; A, succinic oxidase activity, expressed as 
Qo,; B, succinic dehydrogenase activity, determined by 
the Thunberg method and expressed as yp, which is in 
arbitrary units and cannot be compared with the Qp,. 


emphasized that this preparation was not a normal 
one; probably too much acid was added during the 
preparation, and consequently its initial succinic 
oxidase activity was only about one quarter that 
of a normal preparation. However, the figures are 
presented because they show very clearly how 
fluctuations in the activity of the succinic oxidase 
system are not reflected by the succinic dehydro- 
genase activities. Usually, the activity of the succinic 
oxidase system declines after about a week’s storage, 
at which point there is heavy bacterial contamina- 
tion, while the succinic dehydrogenase activity de- 
clines more slowly. This might be due either to the 
destruction of a component of the succinic oxidase 
system not required for the succinic dehydrogenase 
or to changes in the physical properties of the 
particles. In the present case, however, the increase 
in the succinic oxidase activity between the first and 
second week, without change in the succinic de- 
hydrogenase activity of the preparation, must be due 
to a physical factor. Such an increase in the activity 
of the succinic oxidase system after 5 days was quite 
unusual, but an increase during the first day, without 
a concomitant increase in the succinic dehydrogenase 
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activity, was quite common. Elliott & Grieg (1938) 
also found a spontaneous increase in the succinic 
oxidase activity of a tissue homogenate after standing 
in the cold for several hours, and attributed this to 
further dispersion of the components of the succinic 
oxidase system. 

A preparation which was suspended in about one 
tenth of its volume of m-phosphate buffer and 
glycerol (final concentration, 50 %) did not show any 
obvious signs of bacterial contamination after a year 
at4°. However, its succinic oxidase activity declined, 
after a few weeks’ storage, at about the same rate as 
that of a normal preparation which was heavily 
contaminated after about a week. Its succinic de- 
hydrogenase activity, on the other hand, remained 
constant for at least 3 months. 


Effect of phosphate concentration 


The effect of phosphate concentration on the 
activity of the succinic oxidase system and on the 
succinic dehydrogenase activity of a heart-muscle 
preparation is shown in Fig. 2. It can be seen that the 
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Fig. 2. Effect of phosphate concentration on the activity of 
the succinic oxidase system and of succinic dehydrogenase. 
A, succinic oxidase system; B, succinic dehydrogenase. 


concentration of phosphate buffer is quite critical 
for the activity of the succinic oxidase system, but 
has little effect on the succinic dehydrogenase 
activity. The optimal concentration of phosphate 
buffer for succinic oxidase activity was 0-11™ (ef. 
Keilin & Hartree, 1949, who found that 0-15m was 
the optimal phosphate concentration). Readings 
obtained with concentrations of phosphate lower 
than about 0-03M were somewhat erratic. 

If the action of phosphate is physical and affects 
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the mutual accessibility of the components of the 
succinic oxidase system, one would expect, since 
cytochrome c is one of these components, that the 
effect of phosphate would be greater if the succinic 
oxidase activity were measured in the absence of 
added cytochrome c than in its presence. For 
example, Keilin & Hartree (1940) showed that certain 
treatments (e.g. alternate freezing and thawing in 
liquid air) of the heart-muscle preparation, while not 
affecting the amount of cytochrome c in the heart- 
muscle preparation, did affect its accessibility to the 
remainder of the succinic oxidase system, so that the 
activity measured in the absence of added cyto- 
chrome c was greatly reduced, although the activity 
in the presence of added cytochrome ¢ was not 
affected. More recently, Keilin & Hartree (1949) 
have shown that denatured globin can reverse the 
effect of various physical treatments of the heart- 
muscle preparation. Table 1 shows the influence of 
added cytochrome c and globin, both separately and 
together, on the effect of phosphate on the succinic 
oxidase activity. 





Table 1. Effect of denatured globin and cytochrome 
c on the effect of phosphate on the succinic oxidase 
activity of heart-muscle preparation 

Succinic oxidase activity (Qo,) 


Globin added ... Nil Nil 0:13% 0-:13% 
Cyt.cadded ... Nil 4x10-m Nil 4x10-m 
Phosphate conc. (M): 

A. 0-138 467 604 520 695 

B. 0-028 124 349 595 716 
B/A 0-27 0-58 1-14 1-03 
C. 0-372 323 359 345 414 
C/A 0-69 0-65 0-66 0-60 


It is apparent from Table 1, first, that the in- 
hibiting effect of low phosphate concentrations is, 
in the absence of globin, considerably less in the 
presence than in the absence of cytochrome c, and, 
secondly, in agreement with Keilin & Hartree (1949), 
that globin completely abolishes the effect of low 
phosphate concentrations. There is, therefore, reason 
to believe that the inhibiting action of low phosphate 
concentrations is due to an effect on the particles of 
the enzyme preparation, which causes an impaired 
mutual accessibility of the components of the 
succinic oxidase system. The inhibiting effect of high 
phosphate concentrations is not, however, affected 
by either globin or cytochrome c. It is shown in 
another paper (Slater, 19496) that high phosphate 
concentrations have a true and very strong inhibiting 
action on the cytochrome oxidase. It is possible that 
the inhibition of the succinic oxidase system by high 
phosphate concentrations is due to this effect on 
cytochrome oxidase, which is a part of the succinic 
oxidase system. Denatured globin has no effect on 
this inhibition of cytochrome oxidase, nor, of course, 
has cytochrome c, which is the actual substrate of 
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the enzyme. The variations in cytochrome oxidase 
activity also found with low phosphate concentra- 
tions probably play no part in the effect of such 
concentrations on the succinic oxidase system, since, 
in dilute phosphate, the cytochrome oxidase activity 
is so much higher than that of the succinic oxidase 
system. 

The succinic oxidase activity of the kidney pre- 
paration used in the present investigation was 
affected by the phosphate concentration in much the 
same way as that of the heart muscle. In this respect, 
as in others (Slater 1949a), this kidney preparation 
differed from that of Keiilin & Hartree (1949), who 
found that the activity was optimal at low phosphate 
concentrations. This difference is probably due to the 
larger amounts of denatured proteins in the Keilin 
& Hartree (1949) preparation, since the heart-muscle 
preparation behaves like their kidney preparation if 
denatured proteins are added. 


Effect of surface-active compounds 


Straub (1942), by dispersing a heart-muscle pre- 
paration with bile salts, followed by ammonium 
sulphate fractionation, obtained a preparation which 
possessed an active succinic dehydrogenase and 
cytochrome oxidase, but which was unable to oxidize 
succinate aerobically. He found that the succinic 
oxidase activity was restored when he added a pre- 
paration made by heating heart-muscle preparation 
at pH 9-0 to 55° for 15 min., which treatment 
completely destroyed the succinic dehydrogenase. 
He believed that this second preparation contained 
a factor, the ‘SC factor’, which linked the succinic 
dehydrogenase to the cytochrome system, and which 
was split off the enzyme by the action of bile salts. 
The experiments of Straub (1942) were repeated, 
four preparations being made as follows: 


(1) Phosphate extract. Washed minced heart muscle was 
ground for 2 hr. in a mechanical mortar with sand and an 
equal volume of 0-1M-phosphate buffer, pH 7-3, and centri- 
fuged for 20 min. at 2000 rev./min. The supernatant was used. 

(2) Cholate preparation. The method followed was exactly 
that described by Straub (1942). To 200 ml. of the phosphate 
extract, 50 ml. 10% sodium cholate, followed by 43-7 g. 
(NH,).SO,, were added. After standing overnight at 4°, the 
precipitate was centrifuged off and discarded. The super- 
natant was treated with 125 g. (NH,),SO,/1. and the solution 
centrifuged. The sticky precipitate, which collected at the 
top of the centrifuge tube, was dissolved in 30 ml. 0-1M- 
phosphate buffer to give a turbid solution containing 
42-6 mg. fat-free dry material/ml. 

(3) SC factor preparation. This was also prepared exactly 
as described by Straub (1942). The phosphate extract 
(50 ml.) was brought to pH 9 by the addition of n-NaOH 
and heated at 55° for 15 min. The mixture was cooled and 
neutralized with N-acetic acid. Weight of the fat-free dried 
material = 14-4 mg./ml. 

(4) Keilin & Hartree (1947) preparation. This was prepared 
from the phosphate extract by the method of Keilin & Hartree 
(1947). Weight of fat-free dried material=32-3mg./ml. 
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The succinic dehydrogenase and succinic oxidase 
activities of the preparations are compared in 
Table 2. The cholate preparation had no succinic 
oxidase activity and its succinic dehydrogenase 
activity was only about one fifth that of the phos- 
phate extract and one sixth that of the Keilin 
& Hartree (1947) preparation. The properties of both 


Table 2. Activity of Straub and Keilin 
& Hartree preparations 


(Activities based on the weight of the fat-free dried 
substance.) 


Qo. 
Sy 
Succinic Succinic 

Preparation oxidase dehydrogenase 
Phosphate extract 330 150 
Cholate preparation 1 33 
SC factor 0 1 
Keilin- Hartree 510 200 


the cholate and the SC factor preparations changed 
on standing for a few days. When both were freshly 
prepared, the SC factor had a considerable activating 
effect on the succinic dehydrogenase of the cholate 
preparation, and also restored the succinic oxidase 
activity to a small extent (Table 3). After standing 


Table 3. Effect of addition of SC factor to cholate 
preparation on activity of latter, using fresh 
preparations 


(Activities expressed in terms of weight of fat-free dried 
cholate preparation.) 
Qo. 


SC factor added (mg./mg.._. _——————____, 


cholate preparation) Succinic Succinic 
oxidase dehydrogenase 
0 1 33 
0-8 2 72 
1-7 14 — 


Table 4. Effect of addition of SC factor to cholate 
preparation on activity of latter, after keeping both 
preparations at 4° for 2 days 


(Activities expressed in terms of weight of fat-free dried 
cholate preparation.) 


Qo, 
SC factor added (mg./mg. Succinic Succinic 
cholate preparation) dehydrogenase oxidase 
0 41 2 
1-7 48 6 
3-4 50 20 
6-8 43 29 


2 days at 4°, the succinic dehydrogenase activity of 
the cholate preparation had increased somewhat and 
the SC factor preparation was less effective in 
increasing this activity (Table 4). It should be noted 
that this behaviour of the cholate and SC factor 
preparations on storage is the exact reverse of that 
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found by Keilin & Hartree (1949), who found that 
the activity of the SC factor—obtained by a method 
slightly different from that of Straub (1942)—in- 
creased and the dehydrogenase activity of the cholate 
preparation decreased after standing a few days. 
Since the activity of these preparations depends on 
physical factors which are little understood, it is not 
surprising that such unpredictable variations should 
occur. The fact that treatment with bile salts affects, 
not only the complete succinic oxidase system, but 
also the succinic dehydrogenase, and that the SC 
factor preparation reactivates both, indicates that 
the bile salts do not act specifically on one com- 
ponent of the system, but have a general effect on 
the whole enzyme system; it is not surprising that 
its effect on the more complex complete succinic 
oxidase system should be greater than on the 
succinic dehydrogenase. Straub’s (1942) SC factor 
must act by reversing this general effect, and not by 
supplying a missing factor, since it is difficult to 
see how a factor which operates between succinic 
dehydrogenase and cytochrome oxidase could re- 
activate the succinic dehydrogenase. 

This conclusion agrees with that of Keilin & 
Hartree (1949), who showed that the SC factor is not 
a specific reactivator of the succinic oxidase system 
treated with bile salts, since they found that it could 
be replaced by calcium phosphate, which removed 
the bile salts from the particles. It seems, therefore, 
that the action of bile salts is due not to the removal 
of a specific factor, but to a physical effect on the 
particles of the heart-muscle preparation. Such an 
effect is quite obvious to the eye, since the cloudy 
colloidal solution of heart muscle is considerably 
clarified by the addition of bile salts. Bile salts are 
strong denaturing agents and the strong shading 
between the 6 and c bands observed spectroscopically 
after the addition of sodium dithionite (Na,S,O,) to 
the cholate preparation is probably due to denatured 
haematin compounds. The intensities of the ¢ and 
6 bands were lower than in the heart-muscle pre- 
paration, although the a band was normal. 

The action of another surface-active agent, viz. the 
haemolytic substance which has been isolated by 
Laser & Friedmann (1945) from a number of tissues, 
has also been examined. This substance, which was 
kindly provided by Dr Laser, is a long-chain un- 
saturated fatty acid. Its effects are shown in Table 5, 
which summarizes three separate experiments, Exp. 1 
with one heart-muscle preparation and Exps. 2 and 
3 with a different preparation. Exps. 1 and 2 show 
that low concentrations of the haemolytic substance 
practically completely inhibit the succinic oxidase 
system without having any effect on the succinic 
dehydrogenase. The two heart-muscle preparations 
differed in their susceptibility to the inhibitor. The 
effect of the addition of cytochrome c on the degree 
of inhibition of the succinic oxidase system was 
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Table 5. Effect of haemolytic substance (HS) on the succinic oxidase system 


Inhibition (%) 


PR AS 
Succinic oxidase system 


Without With cyt. c Succinic Cytochrome 
cyt. c (6x10-'m) dehydrogenase oxidase 
Exp. 1 (0-012 ml. heart-muscle preparation/ml.): : 
HS(1 x 10-*) sing 0 Se 
HS(1 x 10-*m) +2 mg. Ca,(PO,)./ml.* —_ 52 — — 
HS(1 x 10-*m) + 0-2 ml. ‘SC factor’/ml.* —_ 5 — — 
Exp. 2 (0-012 ml. heart-muscle preparation/ml.): 
HS(0-5 x 10-*m) 10 ll de sis 
HS(1 x 10-4m) 26 23 0 — 
HS(1-75 x 10-4) 60 44 pas es 
HS(2-5 x 10-*m) 98 91 1 — 
HS(5 x 10-*m) 100 100 = -- 
Exp. 3 (0-006 ml. heart-muscle preparation/ml.): 
HS(1-25 x 10-4) 97 97 26 31 
HS(2°5 x 10-4) os a a 72 
a = 42 Ss 


HS(4-5 x 10-*m) 


* The calculated percentage inhibition has been corrected for the stimulating effect of calcium phosphate gel and ‘SC 
factor’ preparation on untreated heart-muscle preparation and for the slight residual activity of the ‘SC factor’ preparation. 


studied in Exp. 2, the results, which are plotted in 
Fig. 3, showing that the inhibition is greater in the 
absence of added cytochrome c than in its presence. 
The S shape of the curves in Fig. 3 is probably due 
100 

80 


60 


40 


Inhibition (%) 


20 





25x10" 


15 2 
Concentration of haemolytic substance (m) 


0 0s 1 


Fig. 3. Effect of adding cytochrome c (6 x 10->m) on the 
inhibition of the complete succinic oxidase system by 
Laser’s haemolytic substance (HS); A, percentage in- 
hibition of system, measured in the absence of added 
cytochrome c; B, percentage inhibition of system, 
measured in the presence of added cytochrome c. 


to the protective action, at low concentrations of the 
inhibitor, of other substances (e.g. denatured pro- 
teins) in the enzyme preparation. This is probably 
also the reason for the finding in Exp. 3 that when 
the concentration of the enzyme preparation was 
halved it became much more susceptible to the 
inhibitor. In Exp. 3, it was found that succinic 
dehydrogenase and cytochrome oxidase were both 
inhibited to a certain extent by a concentration of 
inhibitor sufficient completely to inactivate the com- 
plete succinic oxidase system. It is apparent from 
Exp. 3 that the order of increasing susceptibility to 


the inhibitor is succinic dehydrogenase, cytochrome 
oxidase, complete succinic oxidase system. 

Both calcium phosphate gel and Straub’s (1942) 
SC factor were able to reactivate the succinic 
oxidase system after treatment with the haemolytic 
substance ; reactivation by the SC factor preparation 
was complete (Exp. 1). It seems very likely that this 
haemolytic substance acts on the succinic oxidase 
system in the same manner as bile salts. 


DISCUSSION 


In considering the action of inhibitors on the succinic 
oxidase system, it is advisable to distinguish between 
those substances which act specifically on one com- 
ponent of the system (e.g. malonate on succinic 
dehydrogenase, cyanide on cytochrome oxidase) and 
those which act non-specifically on the enzyme 
system as a whole, by affecting the mutual accessi- 
bility of the components of the system, on the 
particles of the enzyme preparation (cf. Keilin & 
Hartree, 1949). Examples of this non-specific type 
of action are adsorption of the inhibitor on the 
particle, dispersal by surface-active substances, 
and aggregation. Such treatments must have a 
more drastic action on the complete succinic 
oxidase system (involving a number of components) 
than on those reactions which depend upon only 
some of the components of the system, for example 
the reduction of methylene blue by succinate. 
Thus, it has been invariably found that, with these 
types of inhibitors, the complete succinic oxidase 
system is much more susceptible than is the succinic 
dehydrogenase ; in fact, concentrations sufficient to 
inhibit completely the succinic oxidase system often 
have no effect on the succinic dehydrogenase, which 
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require higher concentrations in order to detect any 
inhibition. The susceptibility of the cytochrome 
oxidase to the haemolytic substance is intermediate 
between that of the succinic dehydrogenase and the 
complete system. 

Inhibitors which act in this non-specific manner 
possess certain characteristics which will usually 
enable them to be distinguished from the more 
specific inhibitors, viz. (1) concentrations which are 
necessary to inhibit completely the succinic oxidase 
system will affect the cytochrome oxidase to a certain 
extent, while higher concentrations will have a 
strong effect on the cytochrome oxidase, and, 
perhaps, some effect on the succinic dehydrogenase ; 
(2) the inhibition of the complete succinic oxidase 
system is lower when the activity of the latter is 
measured in the presence of cytochrome c than when 
it is measured in its absence; (3) the inhibition is 
often reversed by the addition of substances such as 
calcium phosphate gel or denatured proteins, which 
either remove the inhibitor from the particles by 
absorption (as is probably the case with surface- 
active compounds) or, in some unknown way, are 
able to restore the mutual accessibility of the com- 
ponents of succinic oxidase system on the particles 
after the latter have been affected by physical agents 
(for example, effect of globin on the effect of low 
phosphate concentrations). 

The more specific inhibitors will, generally, act on 
only one component of the system, will be un- 
affected by the presence or absence of cytochrome 
c (unless, of course, the inhibitor acts specifically on 
the cytochrome c; no such inhibitor is, however, 
known) and will be unaffected by the addition, after 
the inhibitor has acted on the enzyme, of substances 
such as denatured proteins or calcium phosphate gel. 
Denatured globin can, however, reverse the action 
of substances which combine with thiol groups 
(Slater, 1949c). 

If all these points are considered, together with 
the general physical and chemical properties of an 
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inhibitor, it should be possible, in most cases, to 
determine whether the inhibitor has a general non- 
specific effect on the system or is acting specifically 
on a single component of the system. A particular 
application of this method of distinguishing between 
the two types of inhibition will be found in the 
following paper (Slater, 1949d). 


SUMMARY 


1. During storage of a particular heart-muscle 
preparation at 4° for several weeks, the activity of 
the succinic oxidase system at first increased, then 
decreased, while the succinic dehydrogenase activity 
remained constant. It is believed that this is due 
to an alteration of the physical properties of the 
particles of the enzyme preparation. 

2. The concentration of the phosphate buffer has 
a profound effect on the activity of the succinic 
oxidase system, but has little action on the succinic 
dehydrogenase. The inhibitory action of low phos- 
phate concentrations was greater when the activity 
was measured without the addition of cytochrome 
c; it was completely prevented by denatured globin. 

3. Straub’s (1942) claim to have removed, by the 
action of bile salts, a component of the succinic 
oxidase system, which can be restored by the 
addition of a heart-muscle extract, heated under 
alkaline conditions, has not been confirmed. Bile 
salts have a general physical effect on the particles 
of the enzyme preparation. 

4. A haemolytic substance had the same effect as 
bile salts on the system. 

5. Inhibition of the succinic oxidase system by 
non-specific agents possesses certain characteristics, 
which distinguishes this inhibition from that induced 
by agents which combine specifically with a com- 
ponent of the system. 

I wish to thank Prof. D. Keilin, F.R.S., for his interest and 
advice during this investigation, and the British Council for 
a scholarship. 
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A Respiratory Catalyst Required for the Reduction 
of Cytochrome c by Cytochrome DB 


By E. C. SLATER (British Council Scholar), The Molteno Institute, University of Cambridge 


(Received 22 October 1948) 


For the study of the cytochromes, the enzyme system 
catalysing the aerobic oxidation of succinate (the 
succinic oxidase system) offers special advantages 
since, unlike most intermediary metabolites, suc- 
cinate activated by its dehydrogenase reacts directly 
with the cytochrome system without the necessity for 
the intermediary carriers cozymase and diaphorase. 
The work of Keilin (1929), Keilin & Hartree (1940) 
and Bail (1938) shows that the transport of hydrogen 
atoms (or electrons) from succinate to molecular 
oxygen proceeds through a chain of electron carriers 
of successively higher oxidation-reduction potential. 
Four such carriers have been identified spec- 
troscopically, acting in the following manner, the 
arrows indicating the direction of electron transfer 
(cyt. = cytochrome): 


Succinate— cyt. b— cyt.c—> cyt.a— cyt.a, (oxidase)—> O, 
| 

Succinie dehydrogenase 

E, at pH 7-3 and 30°: 

—0-010* —0-04¢ 0-262$ 0-297 ? 


The activity of the complete succinic oxidase 
system is measured by determining the rate of 
oxygen uptake in the presence of excess succinate, 
while the component parts of the system may be 
studied by the introduction of substances of suitable 
oxidation-reduction potential which do not require 
activation by enzymes. Thus the rate of reduction 
of methylene blue (Hj = + 0-001 V., at pH 7-3, 30°; 
Clark, Cohen & Gibbs, 1925) in the presence of 
excess succinate is a measure of the succinic de- 
hydrogenase-cytochrome 6 portion of the system, 
which will henceforth be referred to as ‘succinic 
dehydrogenase’. (It is possible that succinic de- 
hydrogenase is identical with cytochrome b. See 
Bach, Dixon & Zerfas, 1946; Ball, Anfinsen & 
Cooper, 1947; Slater, 1949a.) Similarly, the activity 
of the cytochrome a-cytochrome a, portion (hence- 
forth referred to as cytochrome oxidase) may be 
measured by determining the rate of oxidation, in 
the presence of excess cytochrome c, of a number of 
substances, such as p-phenylenediamine, ascorbic 
acid and quinol, which rapidly reduce cytochrome c. 


0-78 V. 


* Calculated from Borsook & Schott (1931). 
+ Ball (1938). 
t Stotz, Sidwell & Hogness (1938). 


Several groups of workers have suggested that the 
aerobic oxidation of succinate requires an additional 
factor acting between succinic dehydrogenase and 
cytochrome c. This suggestion was based upon the 
evidence that it was possible, by various treatments, 
to obtain enzyme preparations which were able to 
catalyse the reduction of methylene blue by succinate 
and the oxidation of reducing agents in the presence 
of cytochrome c, and yet were unable to oxidize 
succinate aerobically. Such preparations can be 
obtained by treatment with bile salts (Hopkins, 
Morgan & Lutwak-Mann, 1939; Straub, 1942), 
repeated isoelectric precipitation or ultracentrifuga- 
tion (Stern & Melnick, 1939), or by ammonium 
sulphate fractionation (Stoppani, 1947). Keilin & 
Hartree (1940) obtained a similar preparation by 
treatment of the enzyme preparation at pH 5 for 
lhr., but suggested that the inactivation of the 
succinic oxidase system might be due, not to the 
destruction or removal of a factor of the type 
suggested by the other workers, but to an effect on 
the particles of the enzyme preparation which 
caused an impaired accessibility of the components 
of the succinic oxidase system, without appreciably 
affecting the accessibility of methylene blue or 
succinate to the dehydrogenase. Stern & Melnick 
(1939), Straub (1942) and Stoppani (1947) appeared 
to have obtained strong evidence in support of their 
view, by restoring the activity of the complete 
system by the addition of alleged specific factors 
such as the supernatant fluid from the ultracentri- 
fugation (Stern & Melnick, 1939), an enzyme pre- 
paration heated to 55° at pH 9 (Straub, 1942) or 
a preparation obtained by fractional precipitation 
with ammonium sulphate (Stoppani, 1947). Keilin 
& Hartree (1949) have now shown, however, that 
these supposed specific reactivating fractions could 
be replaced by such substances as calcium phosphate 
gel or denatured proteins, which could not possibly 
be components of the succinic oxidase system. It 
follows that the enzyme preparations obtained by 
Stern & Melnick, Straub and Stoppani must have 
contained all the components of the succinic oxidase 
system, and that the inactivity must have been due 
to the loss of the mutual accessibility of these com- 
ponents. The reactivating substances probably act, 
in some as yet unexplained manner, by restoring 
this accessibility. 
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However, Keilin & Hartree (1949) admit that, 
although their experiments disprove the claims of 
these workers, they do not disprove the possible 
existence of such a factor. One method of investi- 
gating this possibility is to search for substances 
which inhibit the complete succinic oxidase system 
without affecting the activities of the succinic de- 
hydrogenase, cytochrome c or cytochrome oxidase, 
and which do not act non-specifically on the enzyme 
system as a whole by affecting the particles of the 
enzyme preparation. In another paper (Slater, 
19496), ways of distinguishing between inhibitors 
which have this latter kind of action and those which 
act specifically on a component of the system are 
discussed. The present paper is concerned with the 
finding that certain reducing agents, in the presence 
of air, bring about complete inactivation of the 
succinic oxidase system, without affecting either the 
succinic dehydrogenase or the cytochrome oxidase. 
A detailed study of the mechanism of this inactiva- 
tion showed that it was due to the destruction of 
a specific component of the succinic oxidase system. 
This component, which is probably a haematin 
compound, acts in the system between cytochrome 
b and cytochrome c. 

A preliminary account of the main findings of this 
investigation has been given elsewhere (Slater, 1948). 


EXPERIMENTAL 


Enzyme preparations from horse heart and kidney, 
obtained by themethods previously described (Slater, 1949), 
were used as the succinic oxidase system. 

Cytochrome c, prepared by the method of Keilin & Hartree 
(1945a), contained 054% Fe; catalase was prepared by the 
method of Keilin & Hartree (19456) and p-amino-acid 
oxidase by the method of Negelein & Brémel (1939); notatin 
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previously described (Slater, 1949a, c). All activities are 
expressed as Qo, (ul. O,/mg. fat-free dry wt./hr.). 
Copper was determined by the method of McFarlane 
(1932). 
General procedure 


The effect of the reducing agent on the enzyme system was 
most conveniently studied by the following procedure, which 
will henceforth be referred to as the ‘general procedure’. 
Undiluted enzyme preparation (1 ml.) was pipetted into 
a Barcroft flask, followed by any other additions to be made 
and finally by the reducing agent, the total volume (made up 
with glass-distilled water) being 2 ml. After attaching to 
a Barcroft manometer the flask was shaken in air at 37° for 
the required time, then removed from the manometer, and 
3 ml. 0-18m-phosphate buffer added. Samples (0-2 ml.) were 
pipetted into flasks for the measurement of the enzyme 
activities, and immediately diluted with the appropriate 
amount of phosphate buffer. This rapid dilution (about 
40-fold) almost completely prevented any further reaction 
between the reducing agent and the enzyme. Controls 
treated in exactly the same manner, but using water instead 
of the reducing agent, were always included and used as the 
basis for calculating percentage inhibitions. 

This procedure, namely reaction at high enzyme and in- 
hibitor concentrations followed by dilution before measuring 
the enzyme activities, is only valid if the inhibition is not 
reversed by dilution, as was the case with the inhibitions 
discussed in this paper. 


RESULTS 


Effect of reducing agents on the activities of the 
succinic oxidase system and of succinic 
dehydrogenase 


The effects of equivalent concentrations of ascorbic 
acid and some thiol compounds on the activities of 
the succinic oxidase system and of succinic dehydro- 
genase in the heart-muscle preparation are shown in 


Table 1. Effect of reducing agents on the activities of the succinic oxidase system 
and of succinic dehydrogenase in heart-muscle preparation 


(‘General procedure’ (see above); reaction time, 30 min.) 


Inhibition (%) 


Oxygen uptake =.————__*~—___—_—_ 
Concentration in 30 min. Succinic oxidase Succinic 

Reducing agent (m) (pl.) system dehydrogenase 
Ascorbic acid 0-01 47 77 28 
Glutathione 0-02 96 78 9 
Cysteine 0-02 247 100 79 
Diethyldithiocarbamate 0-02 65 100 100 
2:3-Dimercaptopropanol (BAL) 0-01 133 98 5 

was obtained (by courtesy of Dr W. F. Short) from Peni- Table 1. Diethyldithiocarbamate completely in- 


cillium notatum. 
Glutathione was prepared by the methods of Hopkins (1929) 
and of Pirie (1930). It was dissolved and neutralized 


immediately before use. 

2:3-Dimercaptopropanol (BAL) was kindly supplied by 
the Department of Biochemistry, Oxford. Aqueous solutions 
were prepared with glass-distilled water immediately before 
use. 

Enzyme activities were measured according to the methods 


hibited the succinic dehydrogenase activity (cf. 
Keilin & Hartree, 1940). The other three thiol com- 
pounds strongly inhibited the activity of the complete 
system, but, with the exception of cysteine, had 
little effect on the succinic dehydrogenase. The 
degrees of inhibition caused by these three com- 
pounds were in the same order as their rates of 
oxidation in the presence of the heart-muscle pre- 
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paration. Ascorbic acid inhibited the complete 
system to about the same extent as glutathione, but 
had a greater effect on the succinic dehydrogenase. 
Under the conditions of this experiment, the com- 
pound which had the greatest effect on the complete 
succinie oxidase system with very little effect on 
succinic dehydrogenase was 2:3-dimercaptopro- 
panol (BAL). Since it was also found that this 
compound had very little effect on the cytochrome 
oxidase activity, it fulfilled the requirements for the 
present study, and the mechanism of its action was 
further investigated. These observations reconcile 
the apparently divergent findings of Webb & van 
Heyningen (1947) and of Barron, Miller & Meyer 
(1947) on the effect of BAL on the succinic system, 
since the latter authors, who found an inhibition, 
measured the activity of the complete succinic 
oxidase system, while the former authors, who found 
no effect, measured the succinic dehydrogenase. 





Effect of BAL on the activities of the succinic oxidase 
system and of succinic dehydrogenase 


A study of the effect of time of contact of BAL 
with the heart-muscle preparation before dilution, 
summarized in Fig. 1, showed that the succinic 
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Fig. 1. Inactivation of the succinic oxidase system and 
succinic dehydrogenase in heart-muscle preparation by 
shaking in air with 0-0094M-BAL at 37° for various periods 
of time; ‘general procedure’ (see p. 15). A, inhibition of 
succinic oxidase system ; B, inhibition of succinic dehydro- 
genase; C, O, uptake by BAL. 0-2 ml. 0-004m-BAL added 
to flasks used for measurement of control activities, i.e. 
these flasks contained the same amount of BAL (0-00025m) 
as test flasks. This amount of BAL inhibited the succinic 
oxidase activity by 11% and the succinic dehydrogenase 
by 3%. 


oxidase system was inhibited after a few minutes’ 
contact with BAL, and the inhibition was 90 % after 
20 min. Inhibition of the succinic dehydrogenase, 
on the other hand, did not commence until about 
30 min. after the addition of the BAL to the heart- 
muscle preparation, i.e. when 57 % of the BAL was 
oxidized. Thereafter, the inhibition of succinic de- 
hydrogenase increased rapidly with time. It was 
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found that shaking the heart-muscle preparation 
with air for 2 hr. at 37° under the conditions of the 
experiment, but in the absence of BAL, caused no 
destruction of the succinic dehydrogenase, and only 
a 13% loss of the succinic oxidase activity. 

It is apparent from these experiments that BAL 


has two quite distinct effects: (1) a rapid and strong ~ 


inhibition of the succinic oxidase system, without 
any effect on the succinic dehydrogenase portion; 
(2) an inhibition of the succinic dehydrogenase, which 
does not commence until more than half the BAL is 
oxidized and increases in velocity as the oxidation 
of BAL approaches completion. 

The possibility that the subsequent addition of 
KCN in the measurement of the succinic dehydro- 
genase activity might have reversed an inhibition 
of succinic dehydrogenase, caused by the BAL, was 
excluded by an experiment in which the inhibition 
was measured in two ways, viz. by the manometric 
method in the presence of KCN, and by the Thunberg 
method in its absence. The calculated inhibitions 
were the same by both methods. 

The experiment described in Fig. 1 suggested that 
the effect on succinic dehydrogenase, which did not 
occur until more than half the BAL was oxidized, 


Table 2. Effect of BAL and oxidized BAL on the 
succinic oxidase and succinic dehydrogenase activity 
of heart-muscle preparation 


(A. Alkali-treated preparation (1 ml.)+1 ml. 0-028m- 
BAL were added to a Barcroft flask which was attached to 
a manometer and shaken at 37° until the uptake of O, had 
ceased (60 min.). Heart-muscle preparation (1 ml.) was then 
added to the flask, which was shaken at 37° for a further 
30 min.; 2 ml. 0:18m-phosphate buffer were then added and 
the succinic dehydrogenase and succinic oxidase activities 
determined on 0-2 ml. samples in the usual way. B. This 
was the same as A, except that 1 ml. water replaced the BAL. 
C. Alkali-treated preparation (1 ml.)+1 ml. 0-028m- 
BAL +1 ml. heart-muscle preparation were added to a Bar- 
croft flask which was shaken at 37° for 30 min.; 2 ml. 
0-18m-phosphate buffer were then added and the succinic 
dehydrogenase and succinic oxidase activities determined 
on 0-2 ml. samples in the usual way. D. This was the same 
as C, except that 1 ml. water replaced the BAL.) 


Succinic dehydrogenase 





Succinic oxidase activity activity 

aa i, at = =" 
Inhibition Inhibition 

pl./10 min. (%) pl./10 min. (%) 

A 68-6 34 32-1 23 

B 104-7 —_ 41-8 —_— 

Cc 2-6 98 32-9 20 

D 104-2 -- 41-0 _— 


was due to an oxidation product of BAL. Con- 
sequently, the effect of oxidized BAL was compared 
with that of BAL itself. BAL was oxidized by 
shaking in air with a heart-muscle preparation, 
treated by the method of Straub (1942) in order to 
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destroy its succinic dehydrogenase activity, until 
the absorption of O, ceased. The treatment of the 
heart-muscle preparation consisted of bringing it to 
pH 9-0, warming at 55° for 15 min. and then cooling 
and neutralizing. The experiment, described in 
Table 2, clearly shows that, whereas the inhibition 
of succinic dehydrogenase activity was about the 
same when previously untreated heart-muscle pre- 
paration was in contact with either completely 
oxidized BAL (A) or with BAL undergoing oxidation 
(C), the inactivation of the succinic oxidase system 
was much greater when it was present during the 
oxidation of the BAL. The oxidized BAL produced 
a slightly greater inhibition of the succinic oxidase 
system than of the succinic dehydrogenase; other 
oxidizing agents behave similarly (Slater, 1949d). 


The effect of oxidized BAL onsuccinic dehydrogenase / 


is probably due to oxidation of SH groups essential 
for the activity of the dehydrogenase (cf. the in- 
hibition of succinic dehydrogenase by oxidized 
glutathione, Hopkins & Morgan, 1938). 


100 ® 100 
= 60 60 = 
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2 40 40 > 
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Concentration of BAL (m) 

Fig. 2. Inactivation of the succinic oxidase system and of 
succinic dehydrogenase in heart-muscle preparation by 
shaking in air with various concentrations of BAL; 
temp. 39°; reaction time, 20 min.; ‘general procedure’. 
A, @ inhibition of succinic oxidase system ; B, O inhibition 
of succinic dehydrogenase. @ O, absorbed by BAL 
during contact with the heart-muscle preparation (right- 
hand ordinate scale). 


The effect of the concentration of BAL on the 
inactivation of the succinic oxidase system and of 
succinic dehydrogenase is shown in Fig. 2. The in- 
activation of the succinic oxidase system increased 
with increasing concentration of BAL, following the 
same curve as the amount of O, consumed by the 
BAL during the period of the experiment (20 min.). 
The inhibition of succinic dehydrogenase did not, 
however, increase in the same way; the maximum 
inhibition was obtained at intermediate concentra- 
tions, this effect being more marked when, in other 
experiments, the time of contact with the BAL was 
increased. The above findings are understandable in 
view of the fact that the degree of the inhibition of 
succinic dehydrogenase is governed by two factors, 
viz. (1) the concentration of the oxidation product 
of BAL; (2) the proportion of oxidized BAL to total 
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BAL. With increasing initial concentration of BAL, 
(1) inereases while (2) decreases (see Table 3, the 
concentration of oxidized BAL after 20 min. can be 
taken to be approximately proportional to the 
amount of O, consumed during the experiment). 


Table 3. Effect of concentration of BAL on rate of 
oxygen uptake of BAL in presence of heart muscle 
and on the percentage of total BAL in the oxidized 
state after 20 min. 

(Heart-muscle preparation (1 ml.); total volume 2 ml.; 

temp. 39°; see also Fig. 2.) 


Percentage 
of total 
Initial rate O, absorbed BALin 
BAL of oxidation in first oxidized 
concentration of BAL 20 min. form after 
(m) (ul. 0,/20 min.) (yl.) 20 min. 
0-00186 49 40 92 
0-00372 62 60 66 
0-00558 85 gl 61 
0-00774 95 88 51 
0-0093 102 99 47 


Table 4. Comparison of effect of BAL on succinic 
oxidase and succinic dehydrogenase systems in 
heart-muscle and kidney preparations 
(‘General procedure’, see p. 15; reaction time, 20 min.; 

values for heart muscle are plotted in Fig. 2.) 


Inhibition (%) 


nov ees 
Succinic Succinic 
oxidase dehydrogenase 
BAL oF a 
concentration Heart Heart 
(m) muscle Kidney muscle Kidney 
0-00141 29 63 14 _ 
0-00382 54 85 16 23 
0-0094 93 100 6 12 


Table 5. Effect of BAL under aerobic and anaerobic 
conditions on the succinic owidase activity of heart 
muscle 


(Anaerobic treatment: 1 ml. of undiluted heart-muscle 
preparation + 0-8 ml. water were placed in a Thunberg tube 
and 0-2 ml. 0-095mM-BAL in the hollow stopper. The air in 
the Thunberg tube was replaced by O,-free N,, and, after 
the contents of the tube had been mixed with those of the 
hollow stopper, the tube was heated for 30 min. at 38°. The 
tube was then cooled in ice, opened to air and 3 ml. cold 
0-18m-phosphate buffer quickly added. After mixing, 0-2 ml. 
was pipetted into a Barcroft flask and immediately diluted 
with 2-7 ml. 0-18m-phosphate buffer. Aerobic treatment: 
same quantities shaken with air at 38° for 30 min., then 
treated as above. Control: treated as ‘aerobic treatment’, 
but water replaced BAL. 0-2 ml. 0-004mM-BAL added to 
Barcroft flask used for measurement of enzymic activity, 
in order to give same final concentration of BAL as in other 


flasks. 
a O, uptake Inhibition 
(ul./10 min.) (%) 
Anaerobic treatment 64-4 12 
Aerobic treatment 1-2 98 
Control 73-1 _- 


2 
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Thus there is a balance between these two opposing 
factors, with the result that the inhibition is optimal 
at intermediate concentrations of BAL. 

The kidney preparation behaved essentially like 
heart muscle except that it showed a greater 
susceptibility to low concentrations of BAL (Table 4). 

It was found that while BAL produced practically 
complete inhibition under aerobic conditions, it pro- 
duced very little inhibition if its oxidation was 
prevented by working under anaerobic conditions 
(Table 5). The slight inhibition under anaerobic 
conditions probably occurred during the final 
dilution, in air. 

These experiments show that the effect of BAL on 
the succinic system is not due to BAL itself or to its 
oxidation product, but to BAL undergoing aerobic 
oxidation in the presence of the enzyme system. 
Accordingly, the oxidation of BAL in the presence 
of the heart-muscle preparation was further studied. 


Oxidation of BAL 

The following observations (Table 6) showed that 
H,O, is produced during the aerobic oxidation of 
BAL in buffer solutions: (1) the total O, uptake of 
BAL in buffer solution was slightly greater than the 
theoretical uptake, calculated from the equation 
2CH,OH.CHSH.CH,SH+0O, — disulphide com- 
pounds + 2H,0; (2) this extra O, was evolved if 
catalase was added after the solution had ceased to 
absorb O,; (3) if catalase was present during the 
oxidation there was no subsequent evolution of O, 
on the addition of catalase. 
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ethanol, and since catalase does not do so unless 
‘H,O, is formed by some other reaction (Keilin & 
Hartree, 1945c), it follows that H,O, must have been 


300 


O, uptake (l.) 
8 


8 





20 40 60 80 90 
Time (min.) 


Fig. 3. Effect of catalase and ethanol on the O, uptake of 
BAL + heart-muscle preparation. All flasks contained 1 ml. 
heart-muscle preparation in a total volume of 2 ml. BAL, 
0-0094M; temp. 37°; pH 7-1. A,noaddition; B, 2-6 x 10-*u- 
catalase; C, 40 mg. ethanol; D, 2-6 x 10-*m-catalase + 
40 mg. ethanol. The horizontal arrow indicates the 
theoretical O, uptake for the reaction 2BAL+0,> 
BALOx+2H,0. The figures have been corrected for 
the endogenous respiration (see footnote to Table 6). 


produced during the oxidation of BAL in the presence 
of the heart muscle-preparation. The necessity for 


Table 6. Oxygen uptake of BAL under various conditions 


(Enzyme preparation or phosphate buffer (0-05, 1 ml.) and BAL (18-5 ym=207 pl. O,) in total volume of 2 ml.; temp. 37°; 


catalase added from dangling tube after O, uptake ceased.) 


Initial rate 
of O, uptake 
(ul./hr.) 
Phosphate buffer 121 
Phosphate buffer + catalase* — 
Heart-muscle preparationt 298 
Kidney preparation 230 


* 1-6 x 10-6m (mol. wt. =240,000). 


O, evolved 


Final O, after addition Net O, 

uptake of catalase uptake Net uptake 
(ul.) (ul.) (ul.) (% theoretical) 
220 8 212 102 
216 0 216 104 
236 0 236 114 


224 


{ These figures have been corrected for the slight endogenous respiration (probably due to bacterial action) measured 
after the BAL was completely oxidized. Treatment with the BAL considerably reduced the endogenous respiration. 


In the presence of heart-muscle preparation, the 
O, uptake considerably exceeded the theoretical 
value, but there was no evolution of O, on the sub- 
sequent addition of eatalase. The formation of H,O, 
during the oxidation of BAL in the presence of heart - 
muscle preparation was demonstrated by the 
addition of ethanol and catalase to the system 
(Fig. 3). Whereas catalase or ethanol alone had little 
effect on the oxidation of BAL, the rate of O, uptake 
and the final uptake were considerably increased 
when both ethanol and catalase were added. Since 
the heart-muscle preparation does not oxidize 


the addition of catalase as well as ethanol, even 
though the heart-muscle preparation contains 
sufficient catalase to decompose H,O, immediately, 
is understandable in view of the finding of Keilin 
& Hartree (1945c) that larger concentrations of 
catalase are required for the peroxidatic than for the 
catalatic reaction of catalase. The amount of catalase 
added was 300 times that present in the heart-muscle 
preparation. 

The fact that the O, uptake of BAL in the presence 
of heart-muscle preparation was greater than the 
theoretical value without any accumulation of H,O, 
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at the end of the oxidation must mean that some 
substance (or substances) in the heart-muscle pre- 
paration was oxidized during the oxidation of the 
BAL. 

Table 6 shows that the rate of oxidation of BAL 
was increased 2-5 times by the presence of the 
heart-muscle preparation, and doubled by the pre- 
sence of the kidney preparation. Since Barron, 
Miller & Kalnitsky (1947) have reported that copper 
catalyses the oxidation of BAL, the possibility that 
this increased rate of oxidation might be largely due 
to copper in the heart-muscle preparation was 
investigated. It was found by direct analysis that 
the heart-muscle preparation contained sufficient 
copper (4°2x 1075 m) to account for its catalytic 
effect on the oxidation of BAL, provided that this 
copper was as effective as Cu** ions added to the 
preparation. 

However, it is probable that the copper in the 
heart-muscle preparations does not arise from 
accidental contamination with Cu** ions, but is in 
the form of firmly bound copper-protein compounds ; 
the availability of this copper for the catalytic 
oxidation of BAL is not known. Further experi- 
ments, described below, were designed to give more 
information of this point. 


Mechanism of the effect of BAL on the succinic 
oxidase system 


It has been shown above that (1) BAL strongly 
inhibits the succinic oxidase system only when it is 
oxidized by air in the presence of the enzyme pre- 
paration; and (2) some substance (or substances) in 
the heart-muscle preparation is oxidized during the 
process of oxidation of BAL in the presence of heart- 
muscle preparation. It seems highly probable that ¢ 
BAL inhibits the succinic oxidase system by causing 
the oxidation of some substance (X ) necessary for the 
activity of the succinic oxidase system. Two possible 
schemes (A and B) describing this effect of BAL may 
be considered. 

According to the first scheme (A), BAL is oxidized 
(by copper catalysis) with the formation of oxidized 


0, 
~ 


wy 
S 
(Cu**) + X (catalase ?) 
—___s» XO 


BAL +0, ——> BAL Ox+H,0,~ 
x 
~~. ¢ 
t 3 
ye \> 
Sy N 
\ CH,.CHO 


fe 


Scheme A. 
BAL (BAL Ox) and H,O,. The latter may take part in 
three competing reactions, viz. (1) catalatic destruc- 
tion by the catalase present in the heart-muscle 
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preparation; (2) oxidation of more BAL; (3) oxida- 
tion of the compound (X) as well as of some other 
substances in the heart-muscle preparation. The 
latter reaction may be catalysed by catalase. In the 
presence of ethanol and additional catalase, a fourth 
reaction (shown by the dotted line in the diagram) 
is possible. 

In the second scheme (B), BAL is oxidized by two 
competing reactions, one involving copper catalysis 
as in Scheme A, and the other involving a directly 
coupled oxidation of BAL with X, in which re- 
action free H,O,, able to react with catalase, is not 
formed. In this case, as well as in Scheme A, the 
H,O, formed by the copper-catalysed oxidation 
might also oxidize other substances in the heart- 
muscle preparation. 


BAL Ox+H,0, 


xN x 
x + / be 
gf Xen 
‘o” & <0 
x % Ks 
o\ 
BAL \ CH,.CHO 
x 
.. 
O 
? 


BAL Ox +X0+H,0 
Scheme B. 


Either of these schemes could explain the de- 
struction of X, the fact that the O, uptake of BAL v 
in the presence of heart-muscle preparation exceeds 
the theoretical, and the extra O, uptake in the 
presence of ethanol and catalase. For the sake of 
simplicity, a further pathway of oxidation of BAL, 
viz. through cytochrome c and cytochrome oxidase, 
has been omitted from both schemes. This reaction 
could not involve X nor could it contribute to the 
extra uptake of O,, since H,O, is not formed during 
oxidation through cytochrome oxidase. It was 
calculated from the rate of reduction of the cyto- 
chrome c in the heart-muscle preparation by BAL 
under anaerobic conditions (ef. a similar calculation 
for ascorbic acid, Slater 1949c) that the oxidation of 
BAL through cytochrome c and cytochrome oxidase 
could account for no more than one quarter of the 
O, uptake catalysed by heart muscle. BAL reduces 
cytochrome 6, as well as cytochrome c, but the 
rate of this reduction is so low (time of half re- 
duction about 30 min.) that the rate of oxidation 
through cytochrome b would be insignificant. 

When sufficient extra cytochrome c is added, the 
oxidation through the cytochrome oxidase system 
becomes the main pathway (see p. 22). 


2-2 
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The experiments, which will now be described, 
showed that Scheme A did not correctly express the 
reactions involved and that Scheme B was probably 
correct. 

(1) Effect of hydrogen peroxide on the activities of 
succinic dehydrogenase and the succinic oxidase 
system in heart muscle. According to Scheme B, the 
destruction of X is caused by a direct reaction with 
BAL (in the presence of O,). According to Scheme A, 
however, the destruction of X is not caused directly 
by BAL, but by H,O, produced by the oxidation of 
BAL. If Scheme A is correct, it should be possible 
to obtain inhibitions of the same type as BAL by 
means of H,O, produced in a number of different 
ways. Accordingly, the effects of two primary re- 
actions which produce H,O,, viz. D-amino-acid 
oxidase, with DL-alanine, DL-methionine and D-iso- 
leucine as substrates, and notatin (glucose oxidase) 
with its substrate glucose, were studied. The results, 
summarized in Table 7, show that the D-amino-acid 
oxidase system produced very little inhibition of the 
succinic oxidase system. The notatin-glucose system, 
on the other hand, caused some inhibition, but, 
although the rate of O, uptake (and therefore the rate 
of formation of H,O,) was in some experiments less 
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and in others much greater than in the experiments 
with BAL, the greatest inhibition was only 40%. 
The degree of inhibition seemed to be independent 
of the amount of notatin used. These inhibitions of 


the succinic oxidase system were accompanied by - 


smaller but considerable inhibitions of the succinic 


dehydrogenase. The reason for the difference between © 


the D-amino-acid oxidase and the notatin-glucose 
systems is considered below. 

(2) Effect of catalase and ethanol on the inhibition 
of the succinic oxidase system produced by notatin- 
glucose and by BAL. If the effect of BAL on the 
succinic oxidase system is due to the action on X of 
H,O, produced by the oxidation of BAL, as in 
Scheme A, the addition of catalase and ethanol 
would be expected to protect X from oxidation and 
the succinic oxidase system from inhibition, the 
degree of protection depending upon the relative 
affinity of X and the catalase-ethanol system for 
H,O,. Table 8 shows the effect of catalase and 
ethanol on the inhibition of succinic oxidase produced 
by notatin-glucose and by BAL. 

In the case of the notatin-glucose system, the 
possible reactions are similar to Scheme A and, as 
would be expected, the addition of ethanol, by com- 


Table 7. Effect of hydrogen peroxide produced by aerobic dehydrogenases and their substrates on the 
activities of the succinic oxidase system and of succinic dehydrogenase in heart-muscle preparation 


(‘General procedure’, see p. 15); reaction time, 30 min.; D-amino-acid oxidase =A. oxid.) 


System producing H,O, 


A. oxid. (10 mg.) + pL-alanine (3 mg.)* 
A. oxid. (50 mg.)* + DL-alanine (3 mg.) 
A. oxid. (10 mg.) + DL-methionine (5 mg.) 
A. oxid. (10 mg.) + D-isoleucine (2-4 mg.) 
Notatin (5 wg.) + glucose (10 mg.)* 
Notatin (10 ug.) + glucose (10 mg.) 
Notatin (25 yg.)* + glucose (10 mg.) 
Notatin (40 pg.) + glucose (10 mg.) 
Notatin (50 ug.) + glucose (10 mg.) 


BAL (0-01 m) 


Inhibition (%) 


Initial rate —_———-Ywqecx_cx, 
of O, uptake Succinic Succinic 
(ul./hr.) oxidase dehydrogenase 

210 ll — 
1000 0 0 
480 6 6 

38 14 0 

90 38 12 

190 22 12 

415 38 24 
570 28 17 
660 40 12 
315 98 5 


* No inhibition by these substances alone. 


Table 8. Effect of catalase and ethanol on the inhibition of the succinic oxidase system produced 
by notatin-glucose and by BAL 


(‘General procedure’, see p. 15.) 


Addition 


None 

0-35M-Ethanol* 

2-6 x 10-*m-Catalase* 

2-6 x 10-°m-Catalase + 0-35 Mm-ethanol 
2-6 x 10-*m-Catalase + 0-09 m-ethanol 


Inhibition by 
SS CN, 


Notatin 
0-0031M-BAL, 0-0094mM-BAL, (25 ug.) +glucose 


acting for acting for (10 mg.), acting for 
20 min. 30 min. 30 min. 
(%) (%) (%) 
53 99 37 
66 — 26 
53 97 61 
59 — 40 
aa 99 : ee 


* No inhibition by these additions, in the absence of BAL or notatin-glucose. 
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peting with X (this X may not be the same substance 
as X in Scheme B) for the H,O,, gave a definite 
protection. The addition of catalase alone caused 
a considerable increase in the inhibition, indicating 
that the reaction H,O,+X > XO is catalysed by 
catalase, when the latter is added in sufficient con- 
centration. The addition of ethanol as well as catalase 
reduced the inhibition in the presence of catalase 
alone by about the same proportion as the reduction 
of the inhibition by ethanol in the absence of 
catalase. Neither ethanol nor catalase, nor the two 
together, had these effects on the inhibition caused 
by BAL. Thus ethanol, which protected from the 
notatin-glucose inhibition, slightly increased the 
BAL inhibition, and catalase, which considerably 
increased the former, had no effect on the latter. 
This is strong evidence that BAL does not behave 
as in Scheme A. The finding is, however, readily 
understandable if Scheme B correctly formulates the 
reactions involved. The ethanol added in the presence 
of catalase reacts with some of the H,O, produced 
by the copper-catalysed oxidation of BAL. This has 
the effect, however, only of reducing the extent of 
the other reactions of H,O, (oxidation of BAL, 
catalatic destruction), without appreciably affecting 
the relative amounts of BAL oxidized by the two 
main pathways suggested, and therefore without 
appreciably affecting the destruction of X. 

(3) Effect of pyruvate on the inhibition of the succinic 
oxidase system produced by notatin-glucose and by 
BAL. Itis known from the work of Holleman (1904) 
and Negelein & Brémel (1939) that pyruvic acid 
reacts readily with H,O,, as follows: 


CH,.CO.COOH + H,0,->CH,.COOH + CO, +H,0. 


Accordingly pyruvate would be expected to act in 
the same way as catalase-ethanol, i.e. to have a pro- 
tective effect if X is oxidized according to Scheme A, 
and to have no effect if X is oxidized according to 
Scheme B. The figures in Table 9 show that pyruvate 


Table 9. Effect of pyruvate on the inhibition of 
succinic oxidase system produced by notatin-glucose 
and by BAL 


(‘General procedure’, see p. 15.) 
Inhibition (% 


Pyruvate added ... Nil 002m 01M 
System causing inhibition: 
0-0031m-BAL, 20 min. 53 -- 45 
0-0094m-BAL, 30 min. 98 96 93 
Notatin (25 ug.) + glucose 37 — 16 


(10 mg.), 30 min. 


gave considerable protection to the succinic oxidase 
system against notatin-glucose, but had very little 
effect on the BAL inhibition, which confirms the 
conclusions arrived at above. This finding also 
explains the very small inhibition of succinic oxidase 
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caused by the D-amino-acid oxidase system, since 
the «-keto acid produced by the oxidation of the 
amino-acid will react with the H,O, also formed, by 
a reaction similar to that with pyruvate. 

Thus it can be concluded that, although H,O, 
produced by notatin and glucose does cause some 
inhibition of the succinic oxidase system, the 
mechanism of this inhibition differs in several 
respects from that obtained by treatment with BAL. 
These observations are to be expected from Scheme 
B, but cannot be easily explained by Scheme A. 
There is, however, one possibility which must be 
considered. Since it is postulated that X is involved 
in the succinic oxidase system, it is probable that it 
exists in both an oxidized and a reduced form. In the 
experiments with BAL, X would be in the reduced 
form, while in those with notatin-glucose it would 
be in the oxidized form, and it is possible that reduced 
X is more susceptible to H,O, than is oxidized X. 
This explanation was excluded by the experiment 
which will now be described. 

(4) Effect of cupric ions on the inactivation caused 
by BAL. Although copper itself inhibited the succinic 
oxidase system, this was entirely prevented by BAL, 
so that the effect of added copper on the inhibition 
caused by BAL could be studied without any com- 
plications arising from the direct effect of copper. 
Under the conditions of the experiment described 
in Table 10, 7-2 x 10-5m-Cu** trebled the rate of 


Table 10. Effect of cupric ions on the inhibition of the 
succinic oxidase system produced by BAL 


(Heart-muscle preparation (2 ml.); total volume 2-8 ml. 
Reaction at 39° with shaking in presence of air, for 15 min.; 
7-2 ml. 0-18m-phosphate buffer added and 0-2 ml. samples 
used for measurements of enzymic activities.) 


Inhibition (%) 
Succinic Succinic 
oxidase dehydrogenase 
0-013M-BAL “i 91 13 
0-013M-BAL, 7-2 x 10->mCu™® 66 41 


oxidation of BAL in the presence of heart-muscle 
preparation. The presence of Cu** in this concentra- 
tion gave considerable protection to the succinic 
oxidase, while the inhibition of succinic dehydro- 
genase was increased. This extra inhibition of 
succinic dehydrogenase is probably partly due to 
the increased rate of production of H,O, and partly 
due to the increased rate of production of oxidized 
BAL. The type of inhibition obtained by treatment 
with BAL in the presence of Cu** somewhat re- 
sembles that obtained by treatment with notatin- 
glucose. It was found in another experiment, not 
shown in Table 10, that the addition of pyruvate 
gave some further protection of the succinic oxidase 
system in the presence ot 5AL and Cu** (ef. Table 9). 
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These results would be expected if Scheme B 
correctly describes the reactions, since the addition 
of copper would promote the copper-catalysed re- 
action and spare X. They cannot be explained by 
Scheme A even if it is assumed that only reduced 
X is susceptible to H,O,; in fact, according to this 
scheme increased inhibitions might be expected in 
the presence of Cu**. 
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Fig. 4. O, uptake of BAL + heart-muscle preparation in the 
presence of varying amounts of cytochrome c. All flasks 
contained 1 ml. heart-muscle preparation in a total volume 
of2 ml. BAL, 0-0094m; temp. 37°; pH7-1. A, noaddition; 
B, 1-7 x 10->m-cytochrome c; C, 3-3 x 10-5m-cytochrome 
c; D, 6-6 x10-'m-cytochrome c; E, 13-3 x 10->m-cyto- 
chrome c; F, 16-6 x 10-5m-cytochrome c. The horizontal 
arrow indicates the theoretical O, uptake for the reaction 
2BAL+0,— BAL Ox +2H,0. 


It can be concluded that the inhibition produced 
by BAL cannot be only, or even mainly, due to the 
H,O, produced by the oxidation of BAL, but must 
be caused by some other reaction, probably by the 
directly coupled oxidation (not involving free H,O,) 
of BAL with some substance or grouping necessary 
for the activity of the succinic oxidase system. 

(5) The effect of cytochrome c on the inhibition of 
the succinic oxidase system produced by BAL. As 
already explained, the rate of reduction of the cyto- 
chrome c present in the heart-muscle preparation by 
the BAL is insufficient to allow an appreciable rate 
of oxidation of the BAL through the cytochrome 
oxidase system, despite the great activity of the 
latter. Added cytochtome c can, however, be rapidly 
reduced by the BAL and oxidized by the cytochrome 
oxidase. Thus, the rate of oxidation of the BAL was 
greatly increased by the addition of cytochrome c, 
the effect of increasing amounts of which is shown in 
Figs. 4 and 5. The initial rate of O, uptake in the 
presence of 16-6x10-°m-cytochrome c is about 
5 times the rate in the absence of additional cyto- 
chrome c. 
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The addition of cytochrome c provides a third 
pathway for the oxidation of BAL, additional to 
those shown in Scheme B. Since H,0O, is not formed 
during the oxidation of BAL by the cytochrome 
c-cytochrome oxidase system, the oxidation of BAL 
by this pathway will lead to the theoretical O, 


uptake for the reaction BAL + 40, > BALOx+H,0. ° 


Figs. 4 and 5 show, in fact, that with increasing 
cytochrome c concentration, the total O, uptake 
decreases towards this theoretical figure. It would 
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Fig. 5. Effect of concentration of cytochrome c on initial rate 
of oxidation of BAL (uptake of O, in first 3 min.) and on 
total uptake. Experimental conditions as in Fig. 4. 
A, uptake in first 3 min.; B, total uptake. The horizontal 
arrow indicates theoretical O, uptake for the reaction 
2BAL+0,—> BAL Ox +2H,0. 


be expected, from these considerations, that the 
addition of cytochrome c, by providing an additional 
pathway, not involving X, for the oxidation of BAL, 
would protect X from destruction. This prediction is 
fulfilled by the figures in Table 11, which show that 


Table 11. Effect of added cytochrome c on the 
inhibition by BAL of the succinic oxidase system 
(‘General procedure’, see p. 15.) 


Percentage inhibition by 
A 





= ‘ 
0-0031M-BAL (20 min.) 0-0094mM-BAL 


—_— (30 min.) 
Cytochrome Succinic Succinic Succinic 
c added oxidase dehydrogenase oxidase 
(a x 10-*) (%) (%) (%) 
None 53 13 99 
3-3 37 16 — 
6-6 19 _ 65 ~ 
16-6 0 4 — 


the addition of sufficient cytochrome c gave complete 
protection of the succinic oxidase system against the 
action of BAL. It should be mentioned at this stage 
that cytochrome c does not reverse the inactivation 
caused by BAL when it is added after the treatment 
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with BAL. The fact that cytochrome c also prevented 
the small inhibition of the succinic dehydrogenase 
occurring under the conditions of the experiment 
described in Table 11 suggests that the inhibition of 
succinic dehydrogenase is caused not only by 
oxidized BAL, but also partly by the H,O, produced 
by the side reaction in Scheme B. 


Effect of BAL on the cytochrome oxidase activity 


Webb & van Heyningen (1947) showed that treat- 
ment with 0-005M-BAL for 15 min. at 37° did not 
affect the cytochrome oxidase activity, measured 
by the rate of oxidation of catechol in the presence of 
excess cytochrome c. Since it has been shown else- 
where (Slater, 1949c) that catechol is not a suitable 
reducing agent for this measurement, it was con- 
sidered necessary to re-investigate the effect of BAL, 
under the conditions used in the present study, on 
the cytochrome oxidase activity of heart-muscle 
preparation. The cytochrome oxidase activity was 
measured in 0-15mM-phosphate, the same concentra- 
tion as used for the determination of the succinic 
oxidase activity, although this is not optimal for 
cytochrome oxidase activity. 


Table 12. Effect of treatment with BAL on the cyto- 
chrome oxidase activity of heart-muscle preparation 


(‘General procedure’, see p. 15; 0-0094M-BAL. 30 min.) 


Con- 
centration 
Reducing Phosphate of added Inhibition 
agent con- con- cyto- of O, 

Reducing centration centration chromec uptake 
agent (mM) (Mm) (m x 105) (%) 
Quinol 0-05 0-15 6 ll 
Ascorbic 0-025 0-15 2 13 
acid 0-025 0-15 4 ll 
0-025 0-15 6 13 
p-Phenylene- 0-05 0-15 0 32 
diamine 0-05 0-15 1 26 
0-05 0-15 3 19 
0-05 0-15 6 16 
0-05 0-007 6 3 
0-05 0-089 6 10 
0-05 0-144 6 17 
0-05 0-401 6 25 
0-05 0-007 0 20 
0-05 0-089 0 24 
0-05 0-144 0 36 
0-05 0-401 0 18 
0-003 0-15 0 22 
0-0075 0-15 0 31 
0-02 0-15 0 39 
0-05 0-15 0 42 


Treatment of either heart-muscle or kidney pre- 
parations with BAL caused very little inhibition of 
the rate of oxidation of quinol or of ascorbic acid in 
the presence of the enzyme and cytochrome c, and 
this small inhibition was not affected by the con- 
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centration of added cytochrome c¢ (Table 12). How- 
ever, when p-phenylenediamine was the reducing 
agent and heart muscle the source of the enzyme, 
there was a considerable inhibition of the rate of 
oxidation in the absence of cytochrome c, and, 
although this was decreased by the addition of cyto- 
chrome ¢, it was still considerable in the presence of 
6 x 10-5m added cytochrome c. 

The figures for p-phenylenediamine are given 
graphically in Fig. 6. In Fig. 66, the two lines cross 
the ordinate at the same point, i.e. at infinite cyto- 
chrome ¢ concentration the BAL-treated heart- 
muscle preparation has the same cytochrome oxidase 
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Fig. 6. (a) Effect of treatment with BAL on the capacity of 
heart-muscle preparation to catalyse the oxidation of 
p-phenylenediamine. Heart-muscle preparation treated 
by ‘general procedure’ (p. 15) for 30 min. at 38°, with 
shaking in the presence of air; p-phenylenediamine 
(0-05); phosphate buffer (0-15m). 1, control; 2, treated 
with BAL (0-0094m). The curves have been extrapolated 
to the abscissa by assuming that the points fall on a 
rectangular hyperbola. 

(6) Figures in (a) plotted according to the procedure 
of Lineweaver & Burk (1934). The distances OA and OB, 
found in (a), have been added to the concentration of 
added cytochrome c. 


activity as the control. Treatment with BAL has, 
however, affected the catalytic activity of the added 
cytochrome c: thus if (cyt. c); is the concentration of 
cytochrome ¢ required for half maximal activity 
(Slater, 1949c), 1/(cyt.c); for the BAL-treated 
preparation is 0-12x10°m~!, compared with 
0-165 x 10°m—! for the control. It has also affected the 
catalytic activity of the endogenous cytochrome c. 
Thus the extrapolation in Fig. 6a shows that the 
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untreated preparation contains cytochrome c equi- 
valent to 2-52 x 10-5m added cytochrome c, while the 
endogenous cytochrome c of the BAL-treated pre- 
paration is equivalent to 2-05 x 10-5'm added cyto- 
chrome c; but the added cytochrome c is only 
0-12/0-165 times as effective in the latter case com- 
pared with the control, i.e. the endogenous cyto- 
chrome c of the BAL-treated preparation is 
2-05/2-52 x 0-12/0-165 x 100=59% as effective as 
that of the untreated preparation. The actual 
amount of cytochrome c is unaffected by this treat- 
ment (see below). 

The finding that BAL affects not the cytochrome 
oxidase of the heart-muscle preparation, but the 
catalytic activity of the added and the endogenous 
cytochrome c explains other conclusions drawn from 
Table 12 and additional experiments, viz.— 

(1) The degree of inhibition was decreased by 
lowering the concentration of enzyme while the con- 
centration of added cytochrome cremained constant. 
Lowering the concentration of enzyme decreases 
the proportion of the oxidation proceeding through 
the endogenous cytochrome c, since the amount of 
added cytochrome c approaches more closely to 
that required for maximum activity of the cyto- 
chrome oxidase (Slater, 1949c). 

(2) The degree of inhibition was decreased by 
lowering the phosphate concentration, which has the 
same effect as reducing the enzyme concentration 
(Slater, 1949c). 

The catalytic activity of the endogenous cyto- 
chrome c is determined by two factors, viz. (1) the 
accessibility of p-phenylenediamine to this cyto- 
chrome c, and (2) the accessibility of the cytochrome 
c to the oxidase on the particles of the enzyme 
preparation. The finding (Table 12) that the degree 
of inhibition in the absence of added cytochrome 
c was decreased by lowering the concentration of 
reducing agent shows that it is (2) which is affected 
by the treatment with BAL. At low p-phenylene- 
diamine concentrations, the rate of reduction of 
cytochrome c becomes the limiting factor in both the 
control and BAL-treated preparations, so that the 
impaired rate of oxidation of the cytochrome c caused 
by the treatment with the BAL is masked. 

Since the effect of BAL on the rate of oxidation of 
p-phenylenediamine is due, primarily, to an effect 
on the accessibility of the endogenous cytochrome 
c of the heart-muscle preparation to the cytochrome 
oxidase, it is not surprising that the oxidation of 
ascorbic acid and quinol are little affected, since the 
endogenous cytochrome c plays only a small part in 
the oxidation of these substances. The inhibition of 
the oxidation of p-phenylenediamine disappears 
when sufficient cytochrome c is added, but it is 
interesting to find that the catalytic activity of the 
added cytochrome c is also affected by treatment 
with BAL. Since this was not the case when other 
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reducing agents were used, it seems that this is due 
to an effect on the rate of reduction of the added 
cytochrome c (in the vicinity of the oxidase) by 
p-phenylenediamine. This is probably because the 
p-phenylenediamine cannot approach so closely to 
the cytochrome oxidase after treatment of the heart- 
muscle preparation with BAL. 

Thus the effect of treatment of the heart-muscle 
preparation with BAL on the rate of oxidation of 
p-phenylenediamine is due to an impairment of the 
accessibility, both of the endogenous cytochrome 
c and of the p-phenylenediamine, to the cytochrome 
oxidase. 

Treatment of the heart-muscle preparation with 
BAL in the absence of air had no effect on the power 
of heart-muscle preparation to catalyse the oxidation 
of p-phenylenediamine. 


Identification of the BAL-sensitive component of 
the succinic oxidase system 


(1) Spectroscopic observations. No bands were 
observed when a heart-muscle preparation, treated 
with 0-016M-BAL for 30 min. at 37° with 
shaking in air, was placed in a test tube under 
a microspectroscope. After adding succinate and 
allowing to stand, the bands of reduced cytochromes 
a+az;, 6 and ¢ all appeared. When the mixture was 
then shaken for a few seconds, the b band remained 
visible, but the a+a, and c bands disappeared and 
did not return until the mixture had been standing 
without shaking for about 10 min. Thus, in the BAL- 
treated heart-muscle preparation, the reduction of 
cytochrome b and the oxidation of cytochromes c and 
a+a, were not affected, but the oxidation of cyto- 
chrome 6 and the reduction of cytochromes a+; 
and c were greatly impaired. The cytochrome } 
could, however, be readily oxidized by methylene 
blue or by 2:6-dichlorophenolindophenol. 

The positions and intensities of the three bands of 
the reduced cytochromes after the addition of 
sodium dithionite (Na,S,0,) were not affected by 
treatment with BAL, but the total protohaematin 
content of the heart-muscle preparation, measured 
by the intensity of the pyridine haemochromogen 
band at 550-560 mu., was reduced by about 20 % by 
treatment with BAL (Table 13). It follows that 
some haematin compound, the spectrum of which 
is not visible in the heart-muscle preparation (Slater, 
1949a), is destroyed by the treatment with BAL. 
The amount of haematin compound destroyed is 
about 30 % of the difference between the cytochrome 
b and total protohaematin contents, as calculated in 
the latter paper. It is known that BAL has a de- 
structive effect on some haematin compounds. Thus, 
Barron, Miller & Kalnitsky (1947) have shown that 
haemoglobin is destroyed by treatment with BAL 
in the presence of air, and, in the present investiga- 
tion, it was found that myoglobin was similarly 
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affected. This reaction is probably essentially the 
same as that between haemoglobin and another 
reducing agent, ascorbic acid, which has been 
studied in detail by Lemberg, Legge & Lockwood 
, (1941). If this is the case, the product of the coupled 
oxidation of the haematin compound with the BAL 
would be related to the bile pigments. These pigments 
have only weak absorption bands, and, considering 
that the spectrum of the haematin compound is 
itself not visible, it is not surprising that no such bile 
pigment could be detected spectroscopically. 
Treatment with Na,S,O, and pyridine shifts the 
a+a,; band from 603-607 my. to 580-590 my. ; this 
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and the inhibition of the succinic oxidase system. 
This is most clearly seen in Exp. 3, in which different 
concentrations of BAL were employed. Under the 
conditions of Exp. 2, the BAL was completely 
oxidized in 25 min. The fact that the reduction in 
intensity of the band was about the same after 
60 min. treatment as after 10min. shows that 
oxidized BAL is not responsible for the destruction 
of the haematin compound. This is supported by the 
finding that another disulphide, oxidized glutathione, 
had no appreciable effect on the haematin content. 
BAL under anaerobic conditions did not cause any 
destruction of the haematin compound or inhibition 


Table 13. Destruction of haematin compound in heart-muscle preparation by treatment with BAL 
under various conditions and with oxidized glutathione and notatin-glucose 


(Destruction measured by decrease of intensity of 550-560 my. band produced by adding Na,S,0, and pyridine to heart- 
muscle preparation; 2 ml. heart-muscle preparation in total volume 2-4-2-8 ml. Aerobic treatment in all experiments except 


for one marked*.) 


Destruction Inactivation 
Heart-muscle Treatment of haematin of succinic 
preparation compound oxidase system 
Exp. no. no. Reagent Time (min.) % of total) (% 
1 20 0-0085M-BAL 15 42 75 
2 21 0-0085m-BAL 10\ 16 = 
0-0085 M-BAL 20 21 — 
0-0085m-BAL 30 23 — 
0-0085m-BAL 60 18 os 
3 21 0-0039 M-BAL 15 6 37 
0-0077 M-BAL 15 13 73 
0-0155mM-BAL 15 15 98 
0-031 mM-BAL 15 21 99 
4 22 0-013M-BAL 15 16 92 
0-013M-BAL 15* 1 0 
5 22 0-1 m-oxidized glutathione 15 0 47t 
50 yg. notatin, 30 0 12 
10 mg. glucose ; 
6 23 0-013M-BAL 15 24 100 
7 27 0-0157M-BAL 15 14 100 
8 29 0-0157mM-BAL 15 9 100 


* Anaerobic treatment. 


latter band is considerably weaker than the band at 
548-560 my., and, in view of its proximity to the 
latter, accurate measurements of its intensity were 
difficult. It is not known, therefore, whether treat- 
ment with BAL leads to any destruction of haematin 
compounds which yield a pyridine haemochromogen 
with an absorption band in this position, i.e. those 
which contain the haem of cytochromes a+a,; but 
there was no weakening of the a+a, band obtained 
with Na,S,O, alone, which is consistent with the 
finding that the cytochrome oxidase activity was not 
affected. 

The results in Table 13 show that the amount of 
BAL-labile haematin compound varies from pre- 
paration to preparation, butis usually about 14-24%. 
The figures further show some correlation between 
the degree of the reduction of intensity of the band 


+ Inhibition of succinic dehydrogenase, 34%. 


of the succinic oxidase system. Notatin-glucose had 
no measurable effect on the haematin compound. 

There was no detectable destruction of the 548— 
560 my. band in the case of the kidney preparation. 
However, if the BAL-labile haematin compound was 
present in this preparation in about the same con- 
centration relative to that in heart muscle, as are the 
cytochromes, this compound would be such a small 
proportion of the total protohaematin content that 
its destruction would be hardly detected. 

(2) Examination of possibility that the inactivation 
caused by BAL is due to purely physical factors. Two 
possible explanations of the effect of BAL on the 
succinic oxidase system may be considered : (1) Treat- 
ment with BAL may so change the structure of the 
particles of the heart-muscle preparation that, for 
purely physical reasons, the cytochrome 0 is no 
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longer accessible to the remainder of the system, but 
can be oxidized by the small molecule methylene 
blue. (2) The substance destroyed by the BAL is 
actually a component of the succinic oxidase system, 
required to transmit electrons from cytochrome b to 
cytochrome c. 

The nature of the inactivation of the succinic 
oxidase system, which has all the characteristics of 
an actual destruction of a substance, makes the 
second explanation more likely. In another paper 
(Slater, 19496), it is shown that inhibitors of the 
first type, i.e. those which act non-specifically on 
the enzyme system by affecting the particles of 
the enzyme preparation, possess certain character- 
istics which enable them to be distinguished from 
the more specific inhibitors. The non-specific in- 
hibitors (1) usually inhibit the cytochrome oxidase 
as well as the succinic oxidase system, (2) affect the 
succinic oxidase system to a greater extent if cyto- 
chrome c is not added during the measurement of the 
enzyme activity, and (3) the inhibition is often 
reversed by calcium phosphate gel or denatured 
proteins. The inhibition of the succinic oxidase 
system by BAL possesses none of these character- 
istics. The cytochrome oxidase activity is hardly 
affected ; denatured globin, serum proteins or calcium 
phosphate gel do not reactivate the system after 
complete inhibition by the BAL and cytochrome 
c does not affect the inhibition, even in the pre- 
sence of denatured globin (Table 14). It is, 
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oxidase is impaired after treatment with BAL, is 
inconsistent with this conclusion. However, the 
effect on the accessibility of cytochrome c to the 
oxidase is small compared with the complete in- 
activation of the succinic oxidase system, and is 
probably secondary to it. The destruction of the 
factor necessary for the reduction of cytochrome ~ 
c by cytochrome 6 would maké this step in the 
reaction sequence the rate-determining reaction, so 
that addition of cytochrome c, although it could 
overcome the minor effect on the oxidation of cyto- 
chrome c, would have no effect on the degree of 
inhibition of the succinic oxidase activity. 


Other attempts to reactivate the BAL-inactivated 
system 


In addition to the substances already mentioned 
(viz. denatured globin, serum proteins, calcium 
phosphate gel and cytochrome c), the following were 
found to be unable to reactivate the enzyme system 
after treatment with BAL: catalase, Straub’s ‘SC 
factor’ (Straub, 1942; Keilin & Hartree, 1949; 
Slater, 19496), aqueous extract of minced horse heart 
(rich in myoglobin), supernatant from the isoelectric 
precipitation of heart-muscle extract in phosphate 
buffer, and heart-muscle preparation treated with 
sufficient p-aminophenylarsenoxide to inhibit com- 
pletely the succinic dehydrogenase activity. It is 
shownelsewhere (Slater, 1949 d) that p-amimophenyl- 
arsenoxide inhibits the succinic oxidase system by 


Table 14. Effect of cytochrome ec (added after BAL treatment) on the degree of inactivation 
of the succinic oxidase system produced by BAL 


(Exp. 1-3: heart-muscle preparation, treated by ‘general procedure’, with 0-003M-BAL for 20 min. 


Exp. 4: kidney 


preparation, treated by ‘General procedure’, with 0-0015mM-BAL for 15 min.) 


Globin 
concentration 


(%) 


Phosphate 
concentration 

Exp. no. (mM) 
1 0-14 
0-14 

0-14 

0-14 

0-15 

0-15 

0-03 

0-03 

0-10 

0-10 

0-10 

0-10 
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therefore, concluded that the second explanation, 
viz. that BAL destroys a component of the succinic 
oxidase system required to transmit electrons from 
cytochrome b to cytochrome ¢, is the correct one. 
It might appear at first sight that the finding, from 
experiments with p-phenylenediamine, that the 
accessibility of the endogenous cytochrome c to the 


Cytochrome c 
concentration =——————" 


(m x 10°) 


Succinic oxidase activity 
(u1./10 min.) 
———, Inhibition 
Control BAL-treated % 
90 43 52 
116 57 51 
100 59 41 
132 80 40 
50 18 63 
83 30 64 
23-8 3-2 87 
36-2 5-4 85 
8-7 4-0 55 
19-1 76 60 
22-2 10-0 55 


aaa 


29-3 8-3 72 


combining with the succinic dehydrogenase; thus, 
heart-muscle preparation treated with the arsenical 
will probably still contain the factor linking cyto- 
chrome 6 with cytochrome c. It is not surprising, 
however, that a heart-muscle preparation treated 
with this arsenical was ‘unable to reactivate the 
enzyme system after treatment with BAL since the 
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inactive system, lacking the factor but containing 
the succinic dehydrogenase, and the inactive system 
which has this factor intact but whose succinic 
dehydrogenase is inhibited, would be on different 
particles and would be quite inaccessible to one 
another. 
DISCUSSION 

There are four possible pathways for the oxidation 
of BAL in the presence of heart-muscle preparation, 
viz. by (1) Cu** ions introduced during the prepara- 
tion or by the buffer solution ; (2) copper protein com- 
pounds, (3) cytochrome ¢ and oxidase, (4) the BAL- 
labile factor. The actual proportion of the total 
oxidation passing through the BAL-labile factor, 
which is the only pathway leading to the destruction 
of this factor, is not known, but it may be quite small 
which would explain why relatively large concentra- 
tions of BAL are necessary to inactivate the succinic 
oxidase system. 


Methylene blue 
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transfer of electrons from cytochrome 6 to cyto- 
chrome c. 

The relationships between this factor and the 
cytochromes are shown in Fig. 7, the arrows showing 
the direction of electron transfer. It can be seen 
from this diagram that the destruction of the factor 
would not affect the oxidation of succinate through 
methylene blue as carrier, nor the oxidation of 
various reducing agents through cytochrome c 
and cytochrome oxidase, but would completely 
prevent the transfer of electrons from cytochrome 
b to cytochrome ¢ and thence to molecular oxygen. 
It has been shown previously (Slater, 1948) that 
treatment with BAL under conditions which caused 
complete inactivation of the succinic oxidase system, 
with about 10% inhibition of succinic dehydro- 
genase, inhibited the activity of the system, measured 
anaerobically by the rate of reduction of potassium 
ferricyanide, by 35%. This is probably because 
potassium ferricyanide, with an oxidation-reduction 


Potassium ferricyanide 


——> oxygen 
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p-phenylenediamine 
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cyt. a ——> cyt. oxidase (a,) ———> oxygen 


‘Cytochrome oxidase’ 


Fig. 7. The components of the succinic oxidase system. 


Of the reducing agents mentioned in Table 1, only 
BAL has been studied intensively. It seems probable 
however, that the mechanism of the action of the 
other SH compounds (except diethyldithiocarba- 
mate) and of ascorbic acid on the succinic oxidase 
system is similar to that of BAL. The larger inhibi- 
tion of the succinic dehydrogenase found with 
ascorbic acid compared with BAL may be due to the 
failure of ascorbic acid (Z, = 0-05 V., at pH 7-3, 30°; 
Ball, 1937) to protect the SH groups of succinic 
dehydrogenase from oxidation by H,O,. BAL with 
an Ey, of —0-15V. at pH7-0 (Barron, Miller & 
Kalnitsky, 1947) is more favourably situated in this 
respect. The greater inhibition with cysteine’ is 
probably related to the more rapid oxidation of this 
compound which might be expected to behave in the 
same way as BAL, if a shorter time of reaction were 
used. 

The chief finding of this investigation is that the 
primary effect of BAL on the succinic oxidase system 
is due to the destruction, by directly coupled 
oxidation, of a factor which is necessary for the 


potential (EZ, = 0-41 V., at pH 7-3) much higher than 
that of succinate=fumarate (Zj)=—0-01 V., at 
pH 7-3) or of cytochrome b (H)=—0-04 V., at 
pH 7-3), operates in part directly with cytochrome 
b or succinate (activated by the dehydrogenase), and 
in part through the BAL-labile factor or the cyto- 
chromes of higher oxidation-reduction potential 
(EZ, of cytochrome c= +0-26V., of cytochrome 
a=+0-29V.). Thus the destruction of the factor 
causes a partial, but not complete, inhibition of the 
rate of oxidation of succinate by ferricyanide. 

It seems likely that this factor is a haematin 
compound. The evidence for this is: (1) the in- 
activation, which occurs only when the reducing 
agent is added to the enzyme preparation in the 
presence of air, bears a striking resemblance to the 
effect of reducing agents on haemoglobin (Lemberg 
et al. 1941); (2) BAL has been shown to destroy 
haematin itself and haemoglobin (Barron, Miller & 
Kalnitsky, 1947), myoglobin (this investigation) and 
the haematin enzymes peroxidase and catalase (Webb 
& van Heyningen, 1947; Lemberg & Foulkes, 1948), 








28 


while glutathione inhibits catalase (Marks, 1936); 
(3) quantitative measurements of the amount 
of haematin compounds in the heart-muscle and 
kidney preparations suggest that these preparations 
contain haematin compounds, whose spectra are not 
visible (Slater, 1949a) ; (4) some protohaematin com- 
pound is destroyed by treatment of the heart-muscle 
preparation with BAL, and the destruction of this 
compound is parallel to the inactivation of the 
succinic oxidase system. 

It is interesting tonote that the naturally occurring 
haematin compounds fall into two groups, according 
to the nature of their absorption spectra and their 
susceptibility to reducing agents, viz.— 

Group A: peroxidase, catalase and methaemo- 
globin ; these compounds, whether in the ferric or the 
ferrous state, possess rather weak absorption bands. 
They are destroyed by reducing agents in the 
presence of air. 

Group B: cytochromes }, c, a, a3; these compounds 
possess haemochromogen spectra, i.e. strong bands 
in the ferrous state, weak bands in the ferric state. 
They are not affected by reducing agents. 

According to this classification, the factor in the 
succinic oxidase system belongs to Group A. 

Keilin & Hartree (1949) have suggested that this 
factor might be related to cytochrome c,, which, 
according to Yakushiji & Okuniki (1940), acts 
between cytochromes b and c in the succinic oxidase 
system. However, it has been shown in another 
study (Slater, 1949e) that the evidence for the 
existence of cytochrome ¢, is unsatisfactory. 

The possibility should be considered that the 
action of the BAL is not on an additional factor, but 
on cytochrome b itself. This could be the case, only 
if the BAL affects the cytochrome 6 in such a way 
that its absorption spectrum is unaltered and its 
reduction is unaffected, but it can no longer be oxi- 
dized. This possibility, itself extremely unlikely, is 
disproved, first, by the evidence that cytochrome b 
is a part of, ifnotidentical with, succinic dehydrogen- 
ase (see Slater, 1949a) and, secondly, by the observa- 
tion that, after the treatment with BAL, the cyto- 
chrome 6 could still be readily oxidized by dyestuffs. 

A consideration of the oxidation-reduction 
potentials of the known hydrogen and electron 
carriers reveals that there is a big gap in potential 
between cytochrome 6 and c. The finding of a factor 
which operates between these two cytochromes 
narrows this gap. This factor does not account for all 
the protohaematin found in tissue preparations, and 
it is possible that some other haematin compound is 
also involved in the succinic oxidase system. 

The question must now be considered whether the 
factor operates only in the succinic oxidase system 
or is a catalyst in the main pathway of respiratory 
catalysis. If cytochrome 6 is a catalyst in the main 
pathway, it follows that the factor must be a 
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respiratory catalyst concerned in the oxidation of 
most substrates. If, however, as is possible, cyto- 
chrome 6 is concerned only in the oxidation of 
succinate, the factor may either be in the main 


pathway between diaphorase and cytochrome ¢, or, 


like cytochrome b, be concerned only with the 


oxidation of succinate and not with that of those- 


substrates which act through the nicotinamide 
nucleotides and diaphorase. It is known that pure 
cytochrome c cannot be reduced by pure diaphorase 
(Lockhart & Potter, 1941). It isnot unlikely that the 
factor required for the reduction of cytochrome c by 
cytochrome 6 is also required, either alone or in 
conjunction with cytochrome b, for the reduction of 
cytochrome ¢c by diaphorase. This can only be decided 
by further experiments, which are in progress. 

Another dehydrogenase which, like succinic de- 
hydrogenase, reacts with the cytochromes without 
the intervention of the nicotinamide nucleotides or 
diaphorase, is the lactic dehydrogenase of yeast 
which is probably identical with cytochrome 6,, 
a haematin compound, whose spectrum is not visible 
in yeast, but which was obtained in a concentrated 
form by Bach et al. (1946). These authors showed 
that the rapid reduction of cytochrome ¢ by cyto- 
chrome 6, required an additional factor (X), which is 
removed in the purification and which is not 
required for the reduction of methylene blue. It is 
possible that this factor (X) is the same as, or closely 
related to, the factor under consideration. There is, 
indeed, some evidence in the literature that yeast 
contains a respiratory catalyst, which is sensitive to 
thiols (Quastel & Wheatley, 1932; Runnstrém & 
Sperber, 1938; Cook & Perisutti, 1947). 

p-Phenylenediamine differs from the other re- 
ducing agents used in the estimation of cytochrome 
oxidase activity, first, by being more accessible to 
the endogenous cytochrome c¢ of the enzyme pre- 
paration, and, secondly, by being more accessible to 
added cytochrome c in the vicinity of the oxidase 
(Slater, 1949c). The latter, but probably not the 
former, is affected by treatment with BAL. The 
reason for this difference in behaviour of p-pheny- 
lenediamine is unknown.. Since treatment with BAL 
destroys a factor necessary for the reduction of cyto- 
chrome ¢ by cytochrome b, the possibility that this 
factor catalyses the reduction of cytochrome c by 
p-phenylenediamine should be considered. However, 
the following evidence is strongly against this view: 
(1) the main reason for the inhibition of the p-pheny- 
lenediamine oxidation is not an inhibition of the 
rate of reduction of cytochrome c by p-phenylene- 
diamine, but an effect on the accessibility of this 
cytochrome c to the oxidase (i.e. on its rate of 
oxidation) ; (2)treatment with BAL under conditions 
which completely inactivated the succinic oxidase 
system inhibited the rate of oxidation of p-pheny- 
lenediamine by only 30-40%. 
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Several workers (see Table 15) have reported 
inhibitors which affect the complete succinic oxidase 
system much more markedly than the succinic de- 
hydrogenase and cytochrome oxidase portions. 
These inhibitors may be of two types, viz. (1) those 
which react specifically with the factor which links 
the succinic dehydrogenase to the cytochrome 
oxidase, and (2) those which act non-specifically on 
the enzyme system, by affecting the mutual ac- 
cessibility of the components, on the particles of 
the enzyme preparation. 

Table 15 lists these inhibitors, together with their 
probable mode of action, which has been investigated 
thoroughly in the case of only the first three in- 
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active chemically, but is strongly adsorbed on 
protein films (Rideal & Shulman, 1939). It is clear 
that further work is required to elucidate the 
mechanism of the action of these interesting new 
inhibitors introduced by Ball e¢ al. (1947) and Case 
& Dickens (1948). Their findings reported to date, 
like those of Hopkins et al. (1939), Stern & Melnick 
(1939), Straub (1942), and Stoppani (1947) (see 
p. 14, and Keilin & Hartree, 1949) donot, in them- 
selves, provide any evidence for the existence of a 
factor between the dehydrogenase and cytochrome 
oxidase. The reducing agents (in the presence of air) 
studied in the present paper remain as the only sub- 
stances known at present to inactivate the factor. 


Table 15. Inhibitors of succinic oxidase system which inhibit complete system 
more than succinic dehydrogenase or the cytochrome oxidase 


Inhibitor 
Bile salts 


Reference 
Straub (1942), Keilin & Hartree 


Probable mechanism of action 
Non-specific 


(1949), Slater (1949) 


Laser’s haemolytic substance (Laser Slater (1949d) Non-specific 

& Friedmann, 1945) 
Reducing agents + oxygen Present paper Destruction of component 
Oxidizing agents Slater (1949d) Destruction of component (?) 
p-Chloromercuribenzoate Slater (1949d) \ Non-specific (?) 
Fluoride Borei (1945) ? 
Pyocyanine Keilin & Hartree (1940) ? 
2-Hydroxy-3-alkyl-1:4-naphthaquinones Ball et al. (1947) ? 
4:4’-Dihydroxystilbene Case & Dickens (1948) ? 


hibitors. In another paper (Slater, 1949d), reasons 
are given for believing that oxidizing agents and 
p-chloromercuribenzoate act in the manner de- 
scribed; these inhibitors have not, however, been 
studied in detail. It is impossible to decide, on the 
basis of the available evidence, the mode of action 
of fluoride or pyocyanine. It is quite possible that 
fluoride combines with the BAL-labile factor, with 
which the present paper is concerned, since there is 
evidence that this factor is a haematin compound 
and many haematin compounds combine with 
fluoride. 

Both Ball et al. (1947) and Case & Dickens (1948) 
believe that the compounds which they studied 
acted on a factor linking the succinic dehydrogenase 
with the cytochrome oxidase, but the alternative 
hypothesis has not been investigated by these 
workers. Indeed, there is reason to believe that the 
naphthaquinones might act non-specifically, since 
only hydroxynaphthaquinones with long aliphatic 
side chains were effective inhibitors. The length of the 
aliphatic side chain could not appreciably affect the 
chemical properties of a naphthaquinone, but would 
profoundly affect its physical properties. The fact 
that succinic dehydrogenase was inhibited to a 
certain extent by these compounds is also in agree- 
ment with this interpretation (cf. Slater, 19496). 
Similarly, 4:4’-dihydroxystilbene, the compound 
studied by Case & Dickens (1948), is not very re- 


SUMMARY 


1. The succinic oxidase system of heart-muscle 
and kidney preparations is inactivated by treat- 
ment with a number of reducing agents in the 
presence of air. Under certain conditions, many of 
these reducing agents have little effect on the 
succinic dehydrogenase. 

2. BAL has two quite distinct effects: (a) com- 
plete inactivation of the succinic oxidase system, 
without any effect on the succinic dehydrogenase ; 
(6) a partial inhibition of succinic dehydrogenase, 
which does not occur until more than half the BAL 
has been oxidized. The latter inhibition is probably 
due to oxidation of SH groups. The former inhibition 
was studied in detail. 

3. Oxidized BAL inhibited the succinic oxidase 
system much less than BAL, while no inhibition 
occurred if the enzyme preparation was treated with 
BAL under anaerobic conditions. 

4. H,O, is produced during the oxidation of BAL 
in buffer solution or in the presence of heart-muscle 
preparation. Some substance (or substances) is 
oxidized during treatment of heart-muscle prepara- 
tion with BAL in the presence of air. 

5. H,O, produced by notatin-glucose and by 
D-amino-acid oxidase and its substrates had a much 
less pronounced effect on the succinic oxidase system 
than BAL. Inhibition by these substances was 
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increased by catalase and decreased by ethanol and 
pyruvate. Catalase, ethanol and pyruvate had no 
effect on the inhibition of the system caused by BAL. 

6. The addition of copper, which increased the 
rate of oxidation of BAL, decreased the inactivation 
of the succinic oxidase system, but increased that of 
succinic dehydrogenase. 

7. Itis concluded that the inhibition produced by 
BAL is not due to the H,O, formed during the 
oxidation of BAL, but is caused by the directly 
coupled oxidation of BAL, not involving free H,O., 
with some substance or grouping necessary for the 
activity of the succinic oxidase system. 

8. The presence of cytochrome c, during the treat- 
ment of the enzyme with the BAL, prevented the 
inactivation of the enzyme. 

9. Treatment with BAL does not affect the true 
cytochrome oxidase activity. 

10. Treatment with BAL did not destroy the cyto- 
chromes; a protohaematin compound, amounting to 
about 20 % of the total protohaematin content of the 
heart-muscle preparation, was, however, destroyed 
by this treatment. There was some correlation 
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between the amount of haematin compound des- 
troyed and the degree of inactivation of the succinic 
oxidase system when different concentrations of BAL 
were allowed to act on the enzyme for various times. 

11. Treatment with BAL caused an impairment 
of the oxidation of cytochrome b by cytochrome ec. 


The cytochrome 6b could, however, be oxidized by ~ 


methylene blue or dichlorophenolindophenol. 

12. Evidence is presented in favour of the view 
that BAL affects the succinic oxidase system by 
destroying a component of the succinic oxidase 
system required for the transmission of electrons 
between cytochrome 6 and cytochrome c. 

13. The component of the succinic oxidase 
system, which is destroyed by the treatment with 
the BAL, is probably the same as the haematin 
compound destroyed by the same treatment. 


I would like to express my deep appreciation of the interest 
taken by Prof. D. Keilin, F.R.S., and for his stimulating 
suggestions throughout the course of this investigation. 
I would also like to thank Dr E. F. Hartree for supplying the 
catalase and p-amino-acid oxidase and for many valuable 
suggestions, and the British Council for a scholarship. 
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Addendum (15 June 1949) 


It has now been found (Slater 1949f) that the respira- 
tory catalyst discussed in this paper is also necessary for 
the oxidation of dihydrocozymase, acting between dia- 
phorase and cytochrome c (cytochrome b is not required 


for this oxidation). Thus, the factor links the succinic 
oxidase and dihydrocozymase oxidase systems and enables 
the anaerobic oxidation of dihydrocozymase by fumarate. 
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Nitrogen in Human Dental Enamel 


By D. J. ANDERSON, Guy’s Hospital Medical School, London, S.E.1 
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(Received 7 January 1949) 


Dental enamel is the structure which is first exposed 
to the attack of dental caries, and the success or 
failure of this attack depends on many factors, 
among them the chemical nature and structure of 
the enamel. Some authors (Pincus, 1939; Gottlieb, 
1947) go so far as to postulate that the caries process 
is initially a proteolytic one. In this connexion the 
nitrogenous material of enamel is of interest. 

The object of the present experiments was to 
estimate the nitrogen content of enamel on samples 
of material which were representative of the main 
enamel mass and uncontaminated by dentine. 
Enamel is firmly attached to the underlying dentine 
which contains about 3-5 % nitrogen compared with 
about 0-15% in enamel. On these figures, even 
a 2% dentine impurity would increase the enamel 
nitrogen by about 60%. 


METHOD 


The following methods are available for the preparation of 
enamel samples: (i) The enamel may be ground off with vari- 
ous cutting instruments. With this method, apart from the 
difficulty in judging when the dentine is about to be exposed, 
there must always be a variable amount of enamel attached 
to underlying dentine which is not taken for analysis. 
(ii) The dentine may be removed from the inside with burs, 
leaving a hollow enamel cap. (iii) The whole calcified crown 
of the tooth may be removed and powdered, and the dentine 
and enamel separated by a flotation method relying on the 
difference of density between the two materials. This method 
was used by Manley & Hodge (1939), who claimed for it an 
enamel purity of 99-4%, but a loss of enamel of 9-3%. Since 
this fraction is necessarily slightly less dense than the 
remainder, it is probable that it contains proportionally more 
organic material, so that the nitrogen loss may be con- 
siderably more than 9-3% of the total. 

Method (ii) was considered the most reliable. The teeth 
used in the first part of the investigation were sound pre- 
molars which had been extracted for orthodontic purposes 
from patients not more than 16 yr. old. The teeth were 
collectedin 70 % ethanoland thoroughly scraped and brushed 
on a lathe with pumice powder before use. The crowns were 
then removed and dentine burred out leaving a hollow 
enamel cap. 

With round burs of graded size, dentine was removed 
rapidly and completely. The matt appearance of dentine, 
compared with the shiny undersurface of the enamel 
coupled with the change in burring sound and resistance, 
made the arrival at the amelo-dentinal junction easily 
detectable. There was small risk of removing enamel with 
these burs as very light pressure was used. 


For each batch the enamel from 6 to 10 crowns was 
crushed in a diamond mortar to a powder which would pass 
a 60-mesh sieve. The purity of the powder was tested by the 
method described by Manley & Hodge (1939), relying on the 
different refractive indices of enamel and dentine. With this 
method it was possible to recognize under the microscope 
particles of dentine in a field of enamel particles. Tests were 
made on every batch and never more than three dentine 
particles per thousand enamel particles were found. The 
powder was then divided into three samples of between 500 
and 700 mg., dried to constant weight at 105-110° and each 
sample was transferred to a 100 ml. Kjeldahl digestion flask 
containing 7 ml. of HCl (1 vol. cone. HCl plus 4 vol. water) 
to dissolve the calcified material. Digestion with concen- 
trated H,SO,, using the catalyst of Chibnall, Rees & Williams 
(1943), was carried out for 11 hr. The NH, was steam- 
distilled into 1% (w/v) boric acid and titrated with 
0-01 N-HCl\using the methyl red-methylene blue indicator 
mixture of Pierre, Tully & Ashburn (quoted by Britton, 
1942). 

It was thought that the presence of CaSO, in the digest 
might interfere with the recovery of the NH. To test this 
point estimations were carried out on egg albumin solutions 
in the absence and presence of CaSO, . The results given below 
showed that there was no interference. (Sample 1: without 
CaSO,, 0-119 mg./l.; with CaSO,, 0-118 mg./]. Sample 2: 
without CaSO,, 0-122 mg./l.; with CaSO,, 0-122 mg. of N/L.) 


RESULTS 


Table 1 shows the nitrogen content of ten batches of 
enamel. In all cases except two the values given are 
the means of estimations on three samples of a batch 
of enamel obtained by pooling 6-10 crowns. Wide 
variation is shown about the mean of 0-071 g./100g. 


Table 1. Nitrogen content of dental enamel taken 
from (a) sound young premolars and (b) sound teeth 
from patients in higher age groups 

N (g./100 g. enamel) 
ee — Y 
Orthodonticextractions _ Caries-resistant 
(under 17 yr. of age) older age groups 


0-110 0-071 
0-052 0-086 
0-078 0-069 
0-097 0-102 
0-059 0-137 
0-072 0-099 
0-056 0-062 
0-062 0-058 
0-062 0-077 
0-059 0-065 
Mean-+s.p. 0-071-+0-015 0-083 + 0-021 
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enamel, and this is expressed by the standard 
deviation of + 0-015 g./100 g. 

A second series of estimations was conducted on 
teeth which had resisted caries. The teeth used were 
sound premolars extracted because of paradontal 
disease or to clear an otherwise empty mouth, and 
came from the higher age groups. The values, again 
the means of three samples, are also shown in Table 1. 
With a mean of 0-083 g./100 g. enamel, and standard 
deviation of + 0-021 g./100 g. there is no statistically 
significant difference between the nitrogen content 
of this enamel and that of the first series. 





DISCUSSION 


The values for enamel nitrogen found in the experi- 
ments reported here are lower than most reported to 
date. Bowes & Murray (1935) found 0-156% in 
enamel separated by grinding it from the surface of 
the dentine. Deakins & Volker (1941) used the 
flotation method for separating enamel and dentine. 
From their figures expressed as protein with a 
nitrogen content assumed to be 16% the range of 
nitrogen values was found to be 0-078-0-31%. It is 
considered that the low results given in the present 
paper were obtained by reducing the dentine 
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impurity to a minimum. A simple comparison 
between the enamel-nitrogen content of the two 
groups of teeth gives little information. In this 
series at least two variants may operate. First, there 
is the possibility that age changes may influence 
nitrogen content. Secondly, on the basis of a proteo- 
lytic theory of dental caries there is a possible 
relationship between nitrogen content and caries 
susceptibility. Although the second series of estima- 
tions were conducted on teeth of proven caries 
resistance, the orthodontic premolars were of un- 
known susceptibility to caries, some would have 
survived, others would have succumbed. Further 
work is necessary to test the effect of these and other 
variants on enamel-nitrogen values. 


SUMMARY 


Nitrogen estimations carried out on the carefully sep- 
arated enamel of sound premolar teeth give a mean 
value of 0-071 + 0-015 % for the age group up to 16 
yearsand 0-083 + 0-021 % for older age groups. These 
values are lower than those previously reported. 

My thanks are due to Dr Agnes Shore, Prof. W. R. 
Spurrell and Prof. M. A. Rushton for much helpful advice 
and criticism. 
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Interrelationship of Certain Vitamins of the B Group in Aneurin, 
Riboflavin and Biotin Deficiencies 


By KAMALA BHAGVAT* anp P. DEVI 
Nutrition Research Laboratories, Indian Research Fund Association, Coonoor, India 


(Received 1 November 1948) 


A close interrelationship of vitamins of the B group 
may be expected, since they are fundamental to all 
forms of life, and are the controlling factors in the 
chain of oxidative rémoval of certain metabolites. 
Definite interrelationships among these vitamins 
have been established by investigations on human 
subjects and on animals. The treatment of multiple 
deficiencies in man with aneurin alone results in the 
development of pellagrous skin changes which dis- 
appear on administration of either nicotinic acid or 

* Present address: Bombay Municipality, Cruickshank 
Road, Bombay. 


yeast (Lehmann & Nielsen, 1939, Salvesen, 1940; 
Braendstrup, 1940). Sydenstriker (1941) pointed out 
that, in deficiencies of the individual vitamins of the 
B group, treatment with one vitamin may be rapidly 
followed by the development of severe signs of 
deficiencies of others. Klopp, Abels & Rhoads (1943) 
found no clinical signs of riboflavin deficiency in 
subjects on normal diets receiving large doses of 
aneurin, but found an increased urinary excretion of 
riboflavin. Increased excretion of riboflavin in the 
urine in chronic and acute aneurin deficiencies was 
observed by Sure (1944). Unna & Clark (1942) were 
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unable to show that administration of large amounts 
of the individual vitamins of the B group to rats 
deficient in one or more vitamins of this group 
aggravated symptoms of the specific deficiency. 
Sure & Ford (1942) observed a marked drop in the 
aneurin and riboflavin concentrations of organs and 
tissues of rats deprived of aneurin, while in ribo- 
flavin deficiency a drop in riboflavin content only 
was observed. Further, deprivation of aneurin 
interfered with riboflavin utilization; deprivation 
of riboflavin did not affect the utilization of aneurin. 
The efficiency of utilization of aneurin and riboflavin 
was also affected in deficiencies of these two vitamins 
(Sure & Ford, 1943). Similar studies (Russell & 
Nasset, 1941) indicated that pantothenic acid may 
play a role in the absorption of other B vitamins. 
The riboflavin concentration in the livers of rats 
deficient in one or more of the B vitamins increased 
during digestion and assimilation as a result of 
mobilization from other tissues (Supplee, Jensen, 
Bender & Kahlenberg, 1942). Pantothenic acid had 
a direct and specific function in this mobilization. 
Aneurin depletion was shown to diminish the process, 
while pyridoxine exerted no influence. Singher, 
Kensler, Levy, Poore, Rhoads & Unna (1944) have 
reported an increase in riboflavin concentration in 
the livers of aneurin-depleted rats, and an increase 
in aneurin concentration in the livers of riboflavin- 
deficient rats. 

The present investigation was undertaken in order 
to study interrelationships among certain vitamins 
of the B group in aneurin, riboflavin and biotin 
deficiencies, and, secondly to find out whether these 
interrelationships hold good with enzymes, the 
prosthetic group of which is one or other of the 
B vitamins. The enzymes selected for this study were 
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described by Potter & Elvehjem (1936), kept cool by ice 
water. ‘The homogenized solution was passed through fine 
cloth and the residue homogenized again. Final volumes of 
the suspension were so adjusted that 1 ml. contained 100mg. 
of the wet tissue. The suspension was kept in ice between 
experiments and only used during the day of its preparation. 
The hearts of a number of rats were pooled to obtain enough 
suspension for a set of experiments. In every experiment 
the weight of the dried tissue was determined. 

General methods. Livers from the experimental and control 
rats were used for the estimation of vitamins. Aneurin was 
estimated by a thiochrome method (Bhagvat, 1943), ribo- 
flavin fluorimetrically and nicotinic acid by the cyanogen 
bromide method of Swaminathan (1942a, 5). 

The activities of the enzymes, aldehyde oxidase, lactic 
and succinic dehydrogenases, were estimated by the method 
of Thunberg (1920) with methylene blue as the hydrogen 
acceptor. The reactions were carried out at 37° in ordinary 
test tubes into which purified melted vaseline was poured 
over the reaction mixture. Owing to the absence of Thun- 
berg tubes due to war conditions, it was necessary to devise 
an alternative technique to obtain anaerobic conditions. 
Various methods were tried, the most reproducible results 
being obtained with melted vaseline, which solidified in a 
few seconds and acted as a seal, thereby establishing 
anaerobic conditions. The results of this technique were 
comparable with those obtained when Thunberg tubes were 
used. The different solutions were added in the order: sub- 
strate, KCN, buffer, water, enzyme suspension and methy- 
lene blue. The tubes were shaken, and after the addition of 
melted vaseline were left at 37°. The time required for the 
decolorization of methylene blue was noted. Experiments 
were always set up in duplicate and with proper controls. 
The activity of the enzyme is expressed by the volume of 
O, (in pl.) equivalent to methylene blue reduced in the 
presence of substrate in 1 hr. by 1 mg. of dried tissue. 

Preliminary trials were carried out to find out the optimum 
conditions for the activity of the various enzymes. The 
relative amounts of the substrate, enzyme and methylene 
blue used in these studies are given in Table 1. 


Table 1. Optimum conditions for measurement of enzyme activities 


KCN Methylene 
Suspension m/15 blue 
Enzyme (ml.) (ml.) (0-1%)(ml.) 
Aldehyde oxidase 1 — 0-4 
Lactic dehydrogenase 1 0-4 0-2 
Succinic dehydrogenase 0-5 — 0-2 


the aldehyde and pyruvic oxidases and the lactic and 
succinic dehydrogenases. The effect of deficiency of 
certain members of the B group of vitamins on the 
activities of these enzymes has been investigated. 


EXPERIMENTAL 


Estimation of enzymic activity of tissues 
Preparation of tissue suspension. The organs (liver, kidney 
and heart) from freshly killed rats (rats were killed by a blow 
on the head) were dissected out and weighed in an ice-cold 
watch glass. They were ground in an ice-cold mortar with 
cold 0-1m-phosphate buffer (pH 7-4). The suspension was 
homogenized for 2-3 min. in a homogenizer of the type 
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Phosphate 
buffer Final 
Water (pH7-4) volume 
Substrate (ml.) (ml.) (ml.) 
0-1 ml. mM-acetaldehyde 0-5 1-0 3 
0-1 ml. m-sodium lactate 0-3 1-0 3 
0-2 ml. M-sodium succinate 2-1 1-0 4 


KCN was incorporated in the lactic dehydrogenase system 
to prevent inhibition of this enzyme by pyruvic acid, formed 
by oxidation (Green & Brosteaux, 1936). 

The activity of the pyruvic oxidase was determined by the 
ability of the tissue to oxidize pyruvic acid in vitro. The 
homogenized tissue suspension (1 ml.) was incubated with 
50 mg. of pyruvic acid at 37° for 1 hr. The pyruvic acid 
remaining in the reaction mixture was estimated by the 
method of Lu (1939). The results are expressed as mg. of 
pyruvic acid removed by 100 mg. dried tissue in 1 hr. 


Animal experiments 


Young rats weighing 45-65 g. were caged individually 
over.a wide mesh screening and were fed ad lib on the 
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Table 2. Composition of the experimental diets - 


Biotin deficient 


Aneurin Riboflavin 

deficient deficient Experimental Control 
Component (% (%) (%) (%) 
Sucrose (purified) 58-0 58-0 54-0 54-0 
Casein (purified) 18-0 18-0 15-0 15-0 
Salt mixture* (cf. McCollum & Davis, 1913) 4-0 4-0 4-0 4-0 
Autoclaved brewer’s yeast 10-0 Nil Nil Nil 
Alkali-autoclaved brewer’s yeast Nil 10-0 Nil Nil 
Dried raw egg white Nil Nil 15-0 Nil 
Dried autoclaved egg white ’ Nil Nil Nil 15-0 
Gingelly oil 8-0 8-0 8-0 8-0 
Dried ox liver Nil Nil 2-0 2-0 
Shark-liver oil 2-0 2-0 2-0 2-0 
100-0 100-0 100-0 100-0 


Vitamin supplements/rat/day 


Aneurin deficient (ug.) 


Control Experimental 
Aneurin 5 Nil 
Riboflavin Nu Nil 
Pantothenic acid Nil Nil 
Pyridoxine Nil Nil 


Riboflavin deficient (yg.) Biotin deficient (yg.) 


— sy 

Control Experimental Control § Experimental 
20 20 20 20 
45 Nil 45 45 
100 100 100 100 
20 20 20 20 


* The composition of the salt mixture used was as follows: calcium lactate (39-00 g.), calcium phosphate (16-20 g.), 
potassium phosphate (28-62 g.), iron citrate (3-54 g.), sodium chloride (5-19 g.), magnesium chloride (7-98 g.), sodium 


phosphate (10-41 g.), potassium iodide (0-50 g.). 


different basal diets. The rats were distributed equally 
between the two sexes. The composition of the different basal 
diets used is shown in Table 2. 

Sucrose was purified by repeated washings with 95% 
ethanol. Casein was purified by repeated solution in alkali 
and precipitation with dilute acid. The precipitated casein was 
washed free from acid and then with ethanol and dried in the 
sun. The dried casein was refluxed with 95 % ethanol for 24hr. 

For experiments on aneurin deficiency, autoclaved yeast 
was prepared by autoclaving brewer’s yeast at 15 1b. 
pressure for 6 hr. in layers not exceeding }in. and sub- 
sequently drying inthesun. For riboflavin deficiency studies, 
dried brewer’s yeast was moistened with water and brought 
to pH 11-0. The wet mass, spread in thin layers, was then 
autoclaved at 15 lb. pressure for 6 hr. and dried in the sun. 

Egg white was prepared from hens’ eggs and was dried in 
the sun. Autoclaved egg white was prepared by autoclaving 
hens’ eggs at 15 1b. pressure for 30 min. and subsequently 
drying in the sun. This treatment inactivated avidin, the 
antibiotic principle of egg white. 

The different experimental diets were mixed and given to 
the animals in small trays. The experiments were repeated 
on three separate batches of 60 rats. The positive controls, 
i.e. those receiving all the vitamins, grew steadily while the 
negative controls grew for a time, then lost weight and 
developed symptoms characteristic of the particular de- 
ficiency under experiment. The time required for the onset 
of these symptoms varied in different experiments. Thus, the 
symptoms of aneurin deficiency manifested themselves in 
3-4 weeks, those of riboflavin deficiency in 6-8 weeks and 
those of biotin deficiencies in 8-10 weeks. The animals were 
kept on the deficient diets till severe signs of deficiency 
developed. Deficient and control animals were sacrificed 
simultaneously and their tissues analysed for their vitamin 
content and enzymic content by the methods described 
above. 


RESULTS 


The effect of aneurin, riboflavin and biotin de- 
ficiencies on the aneurin, riboflavin and nicotinic 
acid concentrations in rat livers was studied. The 
relevant data are presented in Table 3. 

Significant differences in the vitamin contents of 
the liver were observed when rats were fed the 
different experimental diets. Depletion of aneurin 
was found to increase the concentration of riboflavin 
in the liver above that of control animals, while in 
riboflavin deficiency concentration of aneurin in the 
liver was higher than in control animals. These 
observations confirm the findings of Singher e¢ al. 
(1944). The aneurin and riboflavin concentrations 
in the livers of the rats maintained on diets deficient 
in the respective vitamins decreased rapidly during 
the deficiency period. Livers of aneurin- and ribo- 
flavin-deficient rats contained smaller amounts of 
nicotinic acid than the livers of control animals. 
Aneurin, in the liver of the rats maintained on diet 
deficient in biotin, showed marked decrease. A con- 
siderable difficulty was experienced in aneurin 
estimation in these series of experiments owing to 
the presence in the liver of certain fluorescent 
substances. The interference encountered was greater 
with deficient livers, while riboflavin showed an 
increase over that present in the livers of the control 
animals. Singher et al. (1944) did not find any 
significant difference in the concentrations of aneurin 
and riboflavin in the livers of control and biotin- 
deficient rats. 
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Table 3. Effect of aneurin, riboflavin and biotin deficiencies on the aneurin, 
riboflavin and nicotinic acid content of rat livers 
Aneurin (ug./mg.) Riboflavin (ug./mg.) Nicotinic acid (ug./g.) 
OTF 
Deficiency Range Mean Range Mean Range Mean 
Aneurin Control 2-00-7-00 3-66 13-50-28-30 21-56 48-30-100-00 75-26 
Deficient 0-40-1-60 0-83 16-30-43-00 27-70 36-30-85-70 63-94 
Riboflavin Control 1-60-8-00 4-72 15-00-35-30 22-66 29-00-150-00 75-24 
Deficient 3-60-15-50 6-88 5-00-13-10 9-76 42-80-94-00 61-30 
Biotin Control 0-80-5-50 2-14 19-80-34-80 27-77 25-00-155-00 60-78 
Deficient 0-00-2-00 0-69 25-90-49-50 37-12 37-00-120-00 59-18 
Statistical analysis of the results 
5% level of 
Mean (mg./g.)* Difference Statistical significance of 
———— _ of means ratio the statistical 
Vitamin Control (a) Deficient (b) (a) — (5) (d or t)f ratio Remarks 
Aneurin series Aneurin 3-66 0-83 2-83 8-98 (d) 2-10 Significant 
(18) (24) 
Riboflavin 21-56 27-70 6-14 2-97 (é) 2-00 a 
(18) (43) 
Nicotinic acid 75-26 63-94 11-32 2-31 (t) 2-02 ‘“ 
(17) (25) 
Riboflavin series Aneurin 4-72 6-88 2-16 4-30 (d) 1-97 ‘i 
(46) (37) 
Riboflavin 22-66 9-76 12:90 ‘ 14-09 (d) 1-97 i 
(34) (35) 
Nicotinic acid 75-24 61-30 14-00 2-01 (d) 1-97 “ 
(39) (33) 
Biotin series Aneurin 2-14 0-69 1-45 5-8 (d) 2-06 ” 
(24) (24) 
Riboflavin 27-77 37-12 9-35 5-66 (t) 2-02 = 
(24) (24) 
Nicotinic acid 60-78 59-18 1-60 0-18 (¢) 2-02 Not 
(22 (20) significant 


* The figures in brackets represent the number of experimental animals. 


xa 
d= 1 7 
t (8:7 +827) 





, where X, and X, are the two mean values, and s,? and s,” are the respective standard errors of the 


means. pant ==", s is the error of the difference calculated on the assumption that the standard deviations of the 


observations within the control group and the deficient group are not significantly different from each other. The letters 
(d) and (¢) in brackets in this column represent the formula used for calculating the statistical ratio. 


The activities of certain enzymes of rat tissues in 
aneurin, riboflavin and biotin deficiencies were next 
investigated. The results are illustrated in Tables 
4 and 5. 

Marked variations have been observed in the 
aldehyde oxidase content of livers and that of lactic 
dehydrogenase content of liver and kidneys of 
control rats in the three experiments. The control 
rats in the first experiment (aneurin deficiency) 
received only aneurin as a supplement, while in the 
other two experiments (riboflavin and biotin 
deficiencies respectively) in addition to aneurin, 
other vitamins, viz. riboflavin, pyridoxine and 
pantothenic acid, were given as supplements to 
control rats. The addition of these vitamins appears 
to influence the concentrations of the aldehyde 


hd 


oxidase and the lactic dehydrogenase in the liver and 
that of lactic dehydrogenase in the kidney of rats. 
In the livers from aneurin-deficient rats, the 
activity of the aldehyde oxidase was only 60% of 
that found in control rats. The activity of the succinic 
dehydrogenase in deficient tissues, however, was 
found to increase by 22 % in the liver, 18% in the 
kidney and 42% in the heart over that found in 
control rats. Axelrod, Potter & Elvehjem (1942) 
have suggested that riboflavin is the prosthetic 
group of succinic dehydrogenase. Since in rats the 
depletion of aneurin was found to increase the con- 
centration of riboflavin in the liver (heart and kidney 
were not analysed for their vitamin content) the 
increased succinic dehydrogenase activity might be 
attributed to the availability of bigger amounts of 
3-2 
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Table 5. Effect of riboflavin and biotin deficiencies on the pyruvic oxidase activity of rat liver 


Deficiency 
Riboflavin Control 
Deficient 


Biotin Control 


Pyruvic acid (ug.) removed by 100 mg. 


dried liver/hr. 


—-.- 7 
Range Mean 
122-90-183-10 150-28 
75-10-137-00 103-30 
129-50-195-50 154-73 
112-00-183-00 142-24 


Deficient 


Statistical analyses of the results 


Mean* Difference Statistical 5% level of 
of the ratio significance of 
Control Deficient means (é)T statistical ratio Remarks 
Riboflavin series 150-28 103-30 46-98 8-34 2-02 Significant 
20) (20) 
Biotin series 154-73 142-22 12-49 2-81 2-01 ps 
(29) (22) 


* The figures in brackets represent the number of experimental animals. 


X,-X 3 : : ad 
f t= ns s is the error of the difference calculated on the assumption that the standard deviations of the 





observations within the control group and the deficient group are not significantly different from each other. 


the prosthetic group. The activity of the lactic 
dehydrogenase in the livers of deficient rats did not 
vary significantly from that of livers of control 
rats. 

In riboflavin deficiency, the activities of all the 
enzymes in the liver, kidney and heart were found 
to be markedly affected. Thus, in the livers, the 
activities of aldehyde oxidase, succinic and lactic 
dehydrogenases were only 18, 60 and 20% re- 
spectively of those found in the control animals. The 
activities of lactic and succinic dehydrogenases of 
the heart and kidney were also found to be sig- 
nificantly decreased. This diminution might be 
regarded as a result of the lowered amount of the 
prosthetic group (riboflavin) available. A similar fall 
in the activity of enzymes with riboflavin as the 
prosthetic group, e.g. xanthine oxidase (Ball, 1938, 
1939; Corran, Dewan, Gordon & Green, 1939), 
succinoxidase and D-amino-acid oxidase (Axelrod & 
Elvehjem, 1941; Axelrod, Potter & Elvehjem, 
1942; Axelrod, Swingle & Elvehjem, 1942; Axelrod, 
Sober & Elvehjem, 1939), has been reported. 
The effect of riboflavin deficiency on the concentra- 
tion of coenzymes and other factors necessary for 
the complete oxidation of certain metabolites, viz. 
aldehyde, lactate, etc. was not investigated. 

In biotin deficiency the oxidation of aldehyde by 
the liver was decreased below that of control rats, 
while that of lactate was increased. The succinic and 
lactic dehydrogenases of heart and kidney were 
found to be unaffected in biotin deficiency. This 
confirms with the findings of Axelrod e¢ al. (1939). 
The pyruvic oxidase activity of rat liver in ribo- 


\ 


flavin and biotin deficiency was decreased. This 
might be due to partial depletion of the two vita- 
mins in the tissues, since it has been reported that 
riboflavin and biotin are essential for the complete 
oxidation of pyruvic acid (Lipmann, 1939; Pilgrim & 
Elvehjem 1944; Pilgrim, Axelrod & Elvehjem, 1942). 

In the oxidation of acetaldehyde, all the three 
vitamins appear to be involved, since withdrawal 
of any one of these decreases the activity of the 
aldehyde oxidase, though its prosthetic group has 
been shown to be riboflavin (Subrahmanyan, Gordon 
& Green, 1939). 

The results in general show that the activity of 
the different enzymes studied depends on the relative 
concentrations of the different B vitamins, thereby 
indicating a close interrelationship between them. 


SUMMARY 


1. Interrelationships between the vitamins of the 
B group in rats in aneurin, riboflavin and biotin 
deficiencies have been studied. 

2. The riboflavin concentration in the liver was 
found to be increased in aneurin-deficient rats, while 
riboflavin-deficient rats had an increased concentra- 
tion of aneurin in the liver. In biotin deficiency, the 
concentration of riboflavin in the liver was increased, 
while that of aneurin decreased. Livers from 
aneurin-deficient and riboflavin-deficient rats con- 
tained a smaller amount of nicotinic acid than that 
present in livers of control rats. 

3. The activities of aldehyde oxidase, lactic and 
succinic dehydrogenases depends on the relative 
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concentration of aneurin, riboflavin, nicotinic acid 
and biotin in the tissues. Increase in the concentra- 
tion of riboflavin in the liver increases the activity 
of the lactic and succinic enzymes (with the exception 
of lactic dehydrogenase of aneurin-deficient livers), 
while a decrease in the riboflavin content decreases 
their activity. Similar results have been obtained 
for lactic and succinic dehydrogenases of heart and 
kidney in riboflavin series and for succinic dehydro- 
genase in aneurin series; while the enzyme make up 
of these tissues has been shown to be unaffected in 
biotin series. 
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4. The oxidations of acetaldehyde and pyruvic 
acid appear to involve all the vitamins, aneurin, 
riboflavin and biotin, since withdrawal of any one 
of these appears to decrease the activities of their 
respective enzymes. 

5. The results are interpreted as evidence of an 
interrelationship between certain vitamins of the 
B group. 

The authors are grateful to Mr S. J. Poti ofthe Department 
of Statistics, All India Institute of Hygiene and Public 
Health, Calcutta, for the statistical analysis of the results 
presented in the paper. 
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The Fractionation of Weak Electrolyte Mixtures 
by Ion-Exchange Resins 


By C. W. DAVIES, Edward Davies Chemical Laboratories, University College of Wales, Aberystwyth 


(Received 31 December 1948) 


Ion-exchange resins are becoming of increasing im- 
portance in the separation of mixtures of weak 
electrolytes, and the object of the present paper is 
to enumerate some general considerations which are 
of importance in the planning and interpretation of 
separation experiments. 

Choice of resin. Numerous experiments in these 
laboratories and elsewhere (see, for instance, Par- 
tridge* & Brimley, 1949) have established the fact 
that processes which involve the ionization of weakly 
acidic or basic groups in the resin structure are, com- 


* The author is much indebted to Dr Partridge for an 
early view and discussion of his recent papers. 


paratively, very slow; they also involve large swelling 
changes. The reverse processes are equally slow, 
probably because it is the surface of the granules that 
will be first attacked by a fresh reagent, and a 
reduction of charge and a desorption of water in the 
surface layers will hinder the diffusion of material to 
and from the interior of the gel. Procedures involving 
an alteration in the charge of the resin are therefore 
not well suited to chromatographic separations. For 
the types of resin in common use this means that 
cationic exchangers containing phenolic as well as 
sulphonic acid groupings should not be used at pH 
values greater than 8, and that the weakly acidic or 
weakly basic resins should if possible be employed 
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only for exchange processes in which the pH can be 
maintained at a suitable constant value. 

Whatever the type of resin, separations will be the 
sharper the more nearly the processes at the resin 
surface approach to a state of equilibrium. Separa- 
tions will, therefore, be improved by reducing the 
rate of flow and the grain size, and by working at 
elevated temperatures (within the range of stability 
of the resin) in jacketed columns. 

Separations through salt formation. The separation 
of two weak bases B, and B, may be taken as a typical 
example. If these are applied, as such, to a column of 
sulphonic acid-type resin they will be quantitatively 
adsorbed: R.SO;...Ht+B=R.SO;...BH*,andsub- 
sequent development with a stronger base B, will 
give an effluent in which the bases should appear in 
the order of increasing basic dissociation constant. 
Conditions during the separation are illustrated in 
the following scheme: 





s6,- ... ByH* 
4 1 
8 H* +B, B,H* = B,+H* 
_— 
SO,” ... BsH* B,H* = B,+H* 
| ‘t 
Ht+B, 


The two cations initially adsorbed on the resin will 
be in reversible equilibrium with their dissociation 
products in the surface layer, and this system will 
be in equilibrium with the solution remote from the 
surface. On admitting the developing solution the 
new base will react with the hydrogen ions, and the 
cations previously held by the resin will be displaced ; 
B, and B, will move down the column as uncharged 
molecules only to be adsorbed at fresh sulphonic 
acid groups and the whole process repeated. 
A separation will clearly require that the bases, in 
their movement down the column, are retarded by 
the resin to different extents. This retardation will 
depend on two factors, the strength of the attraction 
of the resin for the cation BH* and the dissociation 
constant of the base. 

The first of these factors will be of primary im- 
portance if the cations differ in charge ; bivalent ions, 
for instance, are much more strongly adsorbed than 
univalent ions of similar structure. If, on the other 
hand, the ions are of the same valency, and, assuming 
that the adsorption affinity is mainly electrostatic, 
this factor may be expected to be unimportant, and 
the separation will depend almost entirely tpon 
a difference in dissociation constants. Quite a small 
difference is effective; complete separations have 
been achieved of constituents differing in pK by 
less than 0-2 unit (see the last section). 

If the bases to be separated are of the same valency 
and of identical dissociation constant, a successful 
fractionation may still occur if differences are 
appreciable in the affinity of the resin for the various 
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cations. The adsorption affinity may be regarded as 
made up of two parts, an electrostatic term and 
a ‘van der Waals’ term. The first of these makes an 
important contribution to the total adsorption 
energy, but one which is unlikely to show sufficiently 
large variations to be made the basis of separations. 
Variations in the ‘van der Waals’ term, on the other 
hand, may well be important, and information on 
this point can be gained from adsorption measure- 
ments using the uncharged electrolyte. The data so 
far available (Bhatnagar, Kapur & Bhatnagar, 1939; 
Thomas, unpublished) show that molecular adsorp- 
tion on resins is often very large, that it is particularly 
marked with aromatic compounds, and that in a 
homologous series it increases as expected in mole- 
cular weight; the same rules should apply to the 
corresponding ions, which differ in chemical structure 
by only one proton. Separations believed to be based 
on this effect are quoted in the last section. 

In the preceding paragraphs differences in pK 
and differences in adsorption affinity have been dis- 
cussed separately. They will of course be super- 
imposed, and in some cases the two factors may be of 
comparable importance. It should be added, also, 
that a very high adsorption affinity, such as is 
common with aromatic compounds, will in general 
have an adverse effect on separations. This is because 
the uncharged electrolyte travelling down the column 
will be adsorbed to a significant extent, and, as 
molecular adsorption and desorption are very slow 
processes compared with ion exchage, this will result 
in the highly adsorbed constituent being spread out 
on the column in the rear of its advancing band. It 
should be possible to minimize this effect by operating 
at elevated temperatures. 

Separations depending upon ion exchange. With the 
advent of strong base resins the technique of dis- 
placement development discussed in the second 
section will become applicable to the separation of 
weak acids. There are separations, however, for which 
weak acid or weak base resins will be employed, and, 
as was pointed out in the first section, it will be best 
to restrict the use of these to exchange processes at 
a constant pH. 

Let HA,, HA, be two weak acids to be separated 
on a weak base resin. The resin will first be con- 
ditioned with, say, hydrochloric acid of the pre- 
determined pH. On adding the acids conditions will 
be somewhat as shown below: 

te ... Ay Ht 
| 1 cr” 
HA, 
| A, +H* =4HA, 
stg = 

‘1b 

HA, 


Wr ..0k 


A, +H*t 2HA, 
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In a case where the adsorption affinities for A, and 
A, do not differ greatly, the separation of the acids 
will depend on a difference in the dissociation con- 
stants K, and K,,. If activity coefficients, which 
will be virtually equal for the two anions, are 
neglected, the proportion of the first acid which is 
present in the form of anion can be written as 
K, 
K,,+[H"] 
readily shown that these ionized fractions show their 
maximum difference when pH*=}(pK, +pK,,), 
and this condition gives the optimum pH for the 
separation. It must be noticed, however, that the 
argument applies to conditions at the surface of the 
resin, and here the ionization equilibrium is greatly 
modified by the surface charge. The effective pH to 
be used in the above equation will be given by 





,andsimilarly forthesecond. Itcanthenbe 


ice to 
pH*=pH+ 0-059” where the first term on the right- 
hand side is the pH of the solution remote from the 
resin surface, and V is the potential difference in 
volts through which a hydrogen ion must be moved 
in bringing it from the remote solution up to the 
surface of the adsorbed anion. In general, the value 
of V will be unknown, and even for the same resin 
it will vary with the pH and the ionic strength of the 
solutionsemployed. However, Hartley & Roe (1940), 
who have derived the above equation and applied it 
to a similar problem in measuring indicator shifts at 
the surface of a colloidal micelle, found values of 
V varying over the range 50-100 mV.; and work in 
progress here on the electrokinetic potential at resin 
surfaces leads to similar values. It can be anticipated, 
therefore, that in working with a positively charged 
resin the best separation of two anions will beachieved 
when the pH of the solutions applied to the resin is 
1-2 units lower than the value of }(pK,4,+pK,,). In 
separating weak bases at a negatively charged resin 
the corresponding condition is that the pH of the 
solutions used should be 1—2 units higher than the 
value of pK,,—}(pK,, +pK,,), where K,, and K,, 
are the basic dissociation constants of the substances 
to be separated. 

Interesting confirmation of these conclusions is 
provided by the work of Consden, Gordon & Martin 
(1948), who succeeded in separating glutamic from 
aspartic acid on Amberlite IR 4. These authors point 
out that the best separation would be expected at 
pH4, but find that actually the solutions must be 
applied to the resin at pH 2-5, a value at which the 
acids carry a small net positive charge. 

Separation of amino-acids. Partridge (1949) has 
had striking success in the separation of amino-acids 
on a resin column. The results appear to be in ex- 
cellent agreement with the considerations advanced 
in the second section of this paper, and to throw some 
light on the relative importance of the factors dis- 
cussed there. Partridge applied the amino-acid 
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mixture as hydrochlorides to a column of sulphonic 
acid resin. The hydrogen-ion concentration at the 
resin surface was therefore high, and the monoamino- 
acids were present largely in the form of univalent 
cations, whilst the diamino-acids, including cystine, 
were present partly as bivalent cations, and con- 
sequently were much more firmly held at the 
resin surface. On displacement development with 
ammonia, fractions were collected in the order shown 
below. 

(The figures given after the names of the acids are 
the negative logarithms of the acid dissociation con- 
stants for the reaction: A*=A*-+H*, taken from 
Cohn & Edsall (1943); that is to say, they are the 
pK, values for the monoamino-acids and the pK, 
values for the diamino-acids; these dissociation con- 
stants are primarily responsible for controlling the 
movement of acid molecules down the column. The 
pK of threonine, which is not listed, may be pre- 
sumed to lie close to that of serine.) 


Fraction 
I Aspartic acid, 1-88 
II Glutamic acid, 2-19; serine, 2-21; threonine 
Ill Glycine, 2-34; alanine, 2-34 
IV Valine, 2-32; proline, 1-99 
V Leucine, 2-36; isoleucine, 2:36; methionine, 2-28; 
cystine: pK, =1-0, pK, =2-0 
VI Histidine, pK, =6-00 
VII Lysine, pK, =8-95 
VIII Arginine, pK, =9-04 (this is not displaced by dilute 
ammonia) 


The monoamino-acids come through first, followed 
by the diamino-acids, and with two exceptions the 
order throughout is that to be anticipated from the 
pK values. Proline falls out of place, being more 
firmly held on the resin than would be expected from 
its pK value, but in view of its cyclic structure it is 
reasonable to attribute this anomaly to a specially 
large contribution from the ‘van der Waals’ 
adsorption factor. The other exception is cystine, 
where the low pK, value (which by itself would lead 
to the appearance of cystine in the earliest fractions) 
is offset by the existence of a considerable portion of 
the acid at low pH values in the form of bivalent 
cations. 

Some numerical values may serve to illustrate the 
argument. Partridge (1949) found that the early 
fractions emerged from the column at pH of about 
3, and the effective pH at the resin surface during 
a large part of the separation may be taken as being 
round about 1-2. In a mixture of amino-acids at 
pH 1-5, only 70 % of the aspartic acid will be in the 
form of cations; the corresponding figures for serine 
and leucine are 83 and 88% respectively. Cystine 
will be 20% un-ionized and only 80% in the form 
of cations, but a quarter of these latter will be 
carrying two positive charges, and will require to 
lose two protons before being displaced from the resin 
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surface; the net rate of movement down the column 
may therefore be expected to be comparable with 
that of leucine. Finally, histidine and the other 
diamino-acids will be completely ionized and firmly 
held by the resin at this pH. 

Fractions III, IV and V consist of acids whose pK 
values are so close that a separation depending on 
this factor would not be expected, and according to 
the argument given in the second section we should 
look for an explanation in terms of adsorption 
affinity. The molecular weights of the acids con- 
cerned are: 


Fraction 
III Glycine, 75; alanine, 89 
IV Valine, 117 
V_ Leucine, isoleucine, 131; methionine, 149 
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The results do, therefore, seem to provide real 
evidence that, in the absence of significant pK 
differences, separations based on quite small 
differences in chain length and adsorption affinity 
can be carried out on ion-exchange columns. 

Partridge (1949) found that tyrosine and pheny!l- 
alanine showed anomalous behaviour, and had to be 
removed in a preliminary operation. This is in 
keeping with the strong adsorption of all aromatic 
compounds, a factor which seems at present to set 
the most important limitation to the use of ion- 
exchange resins. 

SUMMARY 


The theory of the separation of weak electrolytes by 
ion-exchange resins is discussed and illustrated by 
reference to recent work with the amino-acids. 
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Direct Transformation of Fumarate to Oxaloacetate, 
without Intermediate Formation of Malate, by 
Clostridium saccharobutyricum, Strain GR 4 
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Annau, Banga, Gdészy, Husz4k, Laki, Straub & 
Szent-Gyérgyi (1935), on the basis of differences 
between fumarate and malate oxidation, thought 
that fumarate might be oxidized without inter- 
mediate formation of malate. Later, Laki (1936) 
abandoned this view. However, Kalckar (1939) 
showed that kidney extracts can dehydrogenate an 
addition product of fumarate and phosphate with 
formation of phosphoenoloxaloacetate. Lipmann 
(1941) assumed that the earlier view of Annau e¢ al. 
(1935) was in part correct, and that the differences 
between the oxidation of the two substrates could 
probably be explained by the co-existence of two 
different paths of fumarate breakdown, the first 
occurring via malate, the second leading directly to 
oxaloacetate through a phosphorylated derivative 
of fumarate. This hypothesis is supported by the 
observation of Lipmann (1942) that, in a similar 
manner, the transformation of crotonate to aceto- 


acetate occurred in rabbit kidney without inter- 
mediate formation of B-hydroxybutyrate. 

Clifton (1942), studying the fermentation of C,- 
dicarboxylic acids by washed suspensions of Clos- 
tridium tetani, found that fumarate is partly 
fermented to butyrate and acetate and partly to 
lactate, malate and ethanol. Malate and succinate 
were not fermented. Pickett (1943), with the same 
organism, showed that if incubation is continued for 
4 days, malate is slowly fermented with production 
of acetate and butyrate, ethanol, carbon dioxide and 
succinate. The latter was not fermented. Cohen, 
Nisman & Cohen-Bazire (1948) have shown that 
citrate and «-ketoglutarate are slowly fermented to 
butyrate and acetate by strain GR 4 of Cl. saccharo- 
butyricum. It is very unlikely that these two com- 
pounds are broken down via the C,-dicarboxylic 
acids system, as it will be shown that succinate is not 
fermented by this organism. 
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Further work with this organism, reported in the 
present paper, shows that it is improbable that the 
breakdown of fumarate occurs via malate, and 
evidence is presented in support of an alternative 
scheme. 





EXPERIMENTAL 


Organism 


The organism, named according to Prévot (1948), is a variety 
of Cl. butyricum Prazmowski. Prévot, who has given us this 
strain, names it Cl. butyricum, var. saccharobutyricum 
Schattenfroh & Grassberger. The strain GR4 of this 
organism, which has been isolated from river mud, is a small 
thin rod, with subterminal spores, motile, Gram-positive; its 
dimensions vary from 3-12 x0-8-ly. Deep agar colonies 
appear as dense cottony masses. Gelatin is liquefied after 
7 days. Milk is coagulated in 5 days; the clot is further 
fragmented, but not digested. Indole is formed. All the 
sugars tested were fermented except galactose, arabinose, 
dulcitol and inulin. Butyrate, acetate and lactate were 
formed when the organism was grown on VF broth (peptic 
digest of muscle and liver) containing 0-2 % glucose. Acetone 
and acetylmethylearbinol were not formed under these 
conditions. Cohen & Cohen-Bazire (1948a, b) have separated 
the butyric bacteria into two biochemical types according 
to their ability, in washed suspension, to ferment pyruvate 
with production of (a) acetate and butyrate (‘normal’ 
strains), or (b) acetate only (‘deficient’ strains). The GR4 
strain is ‘normal’; lactate is also formed, but in the present 
work attention is confined to the volatile acids. ’ 


Preparation of cell suspensions 


The organism was grown on VF broth, of which 1 1. was 
inoculated with 5 ml. of an 18 hr. subculture and incubated 
for 20 hr. at 37°. The cells from 1 ]. of culture were centrifuged 
out, washed twice with 15 ml. of previously de-aerated saline 
and finally resuspended in approx. 25 ml. of saline. All 
operations were carried out with sterile precautions. 
A quantity of suspension (3 ml.), corresponding to approx. 
8 mg. bacterial N, was taken for each experimental tube. 
The yield of cells varied only slightly from one culture to 
another. 


Procedure and methods 


Chemicals. These were obtained from the sources indicated. 
Oxaloacetic acid (prepared as described by Fenton & Jones, 
1900); succinic acid (Merck); fumaric acid, malic acid, 
hydroxylamine hydrochloride and sodium arsenite (Pro- 
labo); sodium pyruvate (Hofmann-la Roche); congo red 
(R.A.L.). Solutions of the acids and of hydroxylamine 
hydrochloride were neutralized before use. 

Fermentations. All operations up to the completion of the 
fermentation were carried out with sterile precautions in 
view of the long period of incubation (24 hr.). Substrates 
and inhibitors were sterilized by filtration (L, Chamberland 
candles); water and buffer by autoclaving. Substrates, 
bacterial suspension, phosphate buffer (pH 7, final conc. 
0-033 m) were measured into test tubes and brought to a total 
volume of 20 ml. with water. The tubes were evacuated, 
sealed and incubated for 24 hr. at 37°. The total contents of 
each tube were then acidified with 5ml. of 40% (w/v) 
tartaric acid and steam distilled; 130 ml. of distillate were 
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collected. A portion (20 ml.) of the distillate was used for the 
determination of total volatile acids by titration with 
0-1n-NaOH. The remaining 110ml. were used for the 
determination of the nature and proportions of these acids 
by the Duclaux (1895) method. Our Duclaux calibration 
curves, performed with redistilled acids, differed little from 
the original Duclaux curves. 


The method of Raynaud & Gros (1947) was used for the 


determination of NH, in the experiments in which NH,OH 
was used. In the same experiments, one-dimensional paper 
chromatography (Whatman no. 1 paper; solvent, 95% 
phenol) was used for the detection of aspartic acid (Consden, 
Gordon & Martin, 1944). 


RESULTS 


Comparative rate of fermentation of succinate, 
fumarate, malate, oxaloacetate and pyruvate 


The results recorded in Table 1 show that volatile 
acids are produced from these substrates at a rate 
which decreases in the order: pyruvate > oxalo- 
acetate > fumarate > malate. Succinate is not 


Table 1. Fermentation of succinate, fumarate, 
malate, oxaloacetate and pyruvate 


(Each tube, sealed in vacuo, contained 4000yumol. of 
substrate and 8 mg. bacterial N. Total vol. 20 ml.; pH 7; 
37°. Incubation 24 hr.) 


Total 
volatile Acetic Butyric 
Exp. acid acid acid 
no. Substrate (umol.) (umol.) (ymol.) 

1 Fumarate 780 478 302 
Malate 390 312 78 
Pyruvate 936 468 468 

s Succinate 0 0 0 
Fumarate 562 315 247 

Malate 351 281 70 
Pyruvate 940 470 470 

3 Succinate 0 0 0 
Fumarate 655 406 249 
Oxaloacetate 842 505 237 
Pyruvate 611 409 202 

4 Succinate 0 0 0 
Fumarate 390 260 130 

Malate 250 200 50 

Malate (4 days) 671 505 134 
Oxaloacetate 1014 639 375 

5 Fumarate 562 264 298 
Oxaloacetate 795 452 328 
Pyruvate 2184 1245 939 

6 Fumarate 702 435 267 
Malate 499 375 124 
Oxaloacetate 780 460 320 
Pyruvate 1638 868 770 


attacked; the organism had no succinic dehydro- 
genase activity. With malate the relative proportion 
of butyric and acetic acids differs markedly from 
that obtained from the other substrates; much less 
butyric acid is formed from malate. These results 
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make it very improbable that the classical reaction 
sequence 
Fumarate — malate — oxaloacetate —> pyruvate 


occurs in these fermentations. They suggest rather 
a direct conversion of fumarate to oxaloacetate, the 
latter then giving rise to pyruvate. 


Non-inhibition of fumarate fermentation by congo red 


Quastel (1931, 1936-7) found, both with whole 
cells of Escherichia coli and isolated enzyme pre- 
parations, that this dye (at a concentration of 
1-2 x 10-5m) inhibits fumarase. Table 2 shows that 
the fermentation of fumarate is not affected by 
congo red. This is consistent with the view that the 
conversion of fumarate to malate is not a stage in the 
fermentation of the former by Cl. saccharobutyricum 
GR 4. The dye is also without effect in the fermenta- 
tion of malate, oxaloacetate, pyruvate and citrate. 


Table 2. Effect of congo red on fermentation 
of fumarate 


(Conditions: see Table 1. Substrate: fumarate, 4000 mol.) 


Congo red Volatile 
Concentration acidity Nature 
(mM) (umol.) of acids 
(a) 0 780 
(b) 1-2 x 10-5 780 Butyric 
(c) 2-4 x 10-5 749 1/2 <—-_——- < ]/l 
(d) 4:8 x 10-5 733 Acetic 
(e) 2-4x 10-4 749 


Effect of hydroxylamine on the fermentation of 
C,-dicarboxylic acids 


A further difference in the behaviour of malate, 
compared with fumarate and oxaloacetate, was 
observed in experiments in which an attempt was 
made to inhibit the fermentation of these substances 
by adding equimolar quantities of hydroxylamine. 
It was thought that the chain of reactions would be 
blocked at the oxaloacetate stage by the fixation of 
this keto acid as an oxime. It was found, however, 
that, with this organism, oxaloacetate and fumarate 
but not malate, could act as hydrogen donator for 
the reduction of hydroxylamine to ammonia. After 
24 hr. incubation the tubes containing hydroxyl- 
amine plus fumarate or oxaloacetate had become 
deep yellow; on opening there was a strong smell of 
ammonia. Furthermore, the steam distillate from 


(a) COOH.CH:CH.COOH + H,0 > COOH.CO.CH,.COOH +H,, 
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such tubes had an odour of acetaldehyde. This was 
identified by preparation of the dimedone derivative 
(m.p. 139°). In the case of hydroxylamine plus 
malate there was no formation of yellow colour, 
ammonia or acetaldehyde. 

Experiments were carried out in which both total 
votatile acid and ammonia were estimated after the 
action of the organism on all three dicarboxylic acids 
in the presence and absence of hydroxylamine 
(Table 3). It will be seen that ammonia is not 
formed from hydroxylamine in the presence of 
malate, but only with fumarate or oxaloacetate. In 
all three cases total volatile acid is diminished by 
30-100 % in the presence of hydroxylamine. The 
rate of reduction of hydroxylamine to ammonia is 
apparently independent of the proportion of the 
dicarboxylic acid converted to volatile acids. 


Table 3. Effect of hydroxylamine on fermentation 
of C,-dicarboxylic acids 


(Conditions: see Table 1. Neutralized NH,OH.HCI: 


4000 mol. C, acid: 4000 zmol.) 


Volatile 
Exp. \ acidity NH, 
no. Substrate (umol.) (umol.) 

2 Fumarate 562 0 
Hydroxylamine 0 0 
Fumarate + hydroxylamine 280 1850 

3 Fumarate 655 0 
Hydroxylamine 0 0 
Fumarate + hydroxylamine 390 1880 

4 Fumarate 390 0 
Hydroxylamine 0 0 
Fumarate + hydroxylamine 120 1800 
Oxaloacetate 1014 0 
Oxaloacetate + hydroxylamine 312 960 

5 Fumarate 562 0 
Fumarate + hydroxylamine 0 2000 
Oxaloacetate 795 0 
Oxaloacetate + hydroxylamine 78 1040 

7 Fumarate — 0 
Fumarate + hydroxylamine — 1600 
Malate — 0 
Malate + hydroxylamine — 0 

8 Fumarate 350 0 
Fumarate + hydroxylamine — 1000 
Malate — 0 
Malate + hydroxylamine -— 28 


In the case of fumarate the production of ammonia 
can be explained in two different ways: 


NH,OH +H, -> NH, +H,0; 


(6) COOH.CH:CH.COOH +H,0 + COOH.CO.CH,.COOH +H,, 
COOH.CO.CH,.COOH +NH,OH > COOH.C(:NOH).CH,.COOH +H,0, 
COOH.C(:NOH).CH,.COOH +4H + COOH.CH(NH,).CH,.COOH +H,0, 
COOH.CH(NH,).CH,.COOH +H,0 -> COOH.CO.CH,.COOH +NH, + H,. 


These two series of equations represent the same overall reaction: 


(c) COOH.CH:CH.COOH +NH,OH — COOH.CO.CH,.COOH +NH;. 
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Scheme (5) is supported by the fact that Cl. saccharo- 
butyricum GR4 rapidly deaminates aspartic acid 
(Cohen, Nisman & Cohen-Bazire, 1948). Further- 
more, aspartic acid, and no other amino-acid, can be 
detected by paper chromatography of the contents 
of tubes containing hydroxylamine and fumarate or 
oxaloacetate (Table 4). However, it is also possible 
that aspartic acid arises from a secondary reductive 
amination of oxaloacetate 

COOH.CO.CH,.COOH + NH, +2H 

— COOH.CH(NH,).CH,.COOH + H,0. 

It is, therefore, not yet possible to decide which of 
the suggested mechanisms is correct. Furthermore, 
Nisman (1948) has shown that washed suspensions 
of our strain can carry out the direct amination of 
fumarate in presence of ammonia. Such a reaction 
may also complicate the overall phenomenon. This 
problem is being further investigated. 

It will also be seen from Table 4 that no aspartate 
was detected in the tubes containing hydroxylamine 
plus malate. Since it has already been shown that 
malate cannot act as hydrogen donator for the 
reduction of hydroxylamine, the totally different 
behaviour of malate again indicates that it cannot be 
an intermediate in the fermentation of fumarate. 





Table 4. One-dimensional filter paper 
chromatography 


(Solvent: 95% phenol. Paper: Whatman no. 1. Nin- 
hydrin: 1% butanol solution.) 


Substrate Rp 

(a) Fumarate-NH,OH 0-10 
None (suspension) _- 
Aspartate (blank) (10-*m) 0-10 

(b) Fumarate-NH,OH 0-11 
Aspartate (blank) 0-11 
Suspension —_— 


(c) Fumarate-NH,OH 
Oxaloacetate-NH,OH 
Aspartate (blank) 
Suspension — 
Fumarate ae 
Oxaloacetate = 


Fumarate-NH,OH 
Malate-NH,OH — 
Aspartate (blank) 
Suspension — 
Fumarate —_— 
Malate -- 
(e) Fumarate-NH,OH 0-12 
Malate-NH,OH _- 
Fumarate — 
Malate _— 


(d) 


Effect of arsenite on the fermentation of 
C,-dicarboaylic acids 


Cohen-Bazire, Cohen, Nisman & Raynaud (1948) 
have shown that the fermentation of pyruvate in the 
presence of 10-*m-sodium arsenite leads to the pro- 
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duction of acetate only; production of butyrate was 
completely inhibited and total volatile acid was 
decreased by approx. 30%. The effect of arsenite on 
the fermentation of fumarate, malate and oxalo- 
acetate was therefore tested (Table 5). Inhibition 
of the same type as with pyruvate was obtained. 


Taken in conjunction with the experiments of- 


Table 1 these results are consistent with the following 
reaction sequence: 


Fumarate — oxaloacetate 
— pyruvate — acetate + butyrate. 


Theresults with arsenite donot exclude the possibility 
that pyruvate is also an intermediate in the fermenta- 
tion of malate. If this is the case, then, in view of the 
other results already given, malate must be con- 
verted to pyruvate by a mechanism not involving 
oxaloacetate. 


Table 5. Effect of arsenite on fermentation of 
C,-dicarboxylic acids 


(Conditions: see Table 1. Dicarboxylic acids: 4000umol. 
Sodium arsenite ,final concentration: 10-* Mm.) 


Volatile Acetic Butyric 
acidity acid acid 

Substrate (umol.) (umol.) (umol.) 
Pyruvate 1820 910 910 
Pyruvate + arsenite 1560 1560 0 
Oxaloacetate 663 330 303 
Oxaloacetate + arsenite 598 544 58 
Fumarate 858 572 286 
Fumarate + arsenite 510 464 46 
Malate 473 379 94 
Malate + arsenite 390 390 0 

DISCUSSION 


The present results give experimental support to the 
hypothesis (Lipmann, 1941) that there may be direct 
transformation of fumarate to oxaloacetate without 
intermediary formation of malate. Clifton (1942), 
working with Cl. tetani, found that malate was not 
fermented, but Pickett (1943) in experiments with 
the same strain in which incubation was prolonged 
to 4 days showed that it was attacked very slowly. 
With Cl. saccharobutyricum GR 4, malate is attacked 
at a somewhat higher rate than with Cl. tetani, 
although less rapidly than fumarate and oxalo- 
acetate. This observation, and the different butyric 
acid/acetic acid ratio found for malate compared 
with fumarate excludes malate as an intermediate 
in fumarate fermentation. Evidence supporting this 
conclusion was obtained in the experiments with 
congo red and hydroxylamine. 

It has also been found, incidentally, that the test 
organism reduces hydroxylamine to ammonia in the 
presence of fumarate or oxaloacetate; oximino- 
succinic acid and aspartic acid are possibly inter- 
mediates in this reaction. Although the exact 
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mechanism is not yet certain, the phenomenon is 
interesting since many butyric acid bacteria have 
been described as nitrogen fixers, and hydroxylamine 
or ammonia have been proposed for other organisms 
as primary products of nitrogen fixation. The 
present experiments indicate that the hydroxyl- 
amine theory of Virtanen & Laine (1939, see also 
Virtanen, 1947), and the ammonia theory of Burris 
& Wilson (1945, 1946; see also Wilson & Burris, 
1947), are not necessarily incompatible, since both 
substances give rise to aspartic acid with either 
fumarate or oxaloacetate. Woods (1938) has shown 
that hydroxylamine is reduced by molecular 
hydrogen to ammonia in the presence of suspensions 
of Cl. welchii. It is now shown that such reduction 
can also occur with other hydrogen donators; this 
point will be further studied. Another type of re- 
action between hydroxylamine and fumarate leading 
to hydroxyaspartic acid, which is not further 
utilized, has been reported by Jacobsohn & Soares 
(1936-7) for suspensions of Esch. coli. 


TRANSFORMATION OF FUMARATE TO OXALOACETATE 


SUMMARY 


1. A study has been made of the comparative 
rates of fermentation of fumarate, malate, oxalo- 
acetate and pyruvate by cell suspensions -of Clos- 
tridium saccharobutyricum GR4. The relative pro- 
portions of butyric and acetic acids formed were also 
measured. 

2. The results indicate the following sequence of 
reactions 


Fumarate — oxaloacetate 
— pyruvate — acetate + butyrate 


Malate is not an intermediate in the transformation 
of fumarate to oxaloacetate. This is supported by 
experiments with various inhibitors. 

3. The organism reduces hydroxylamine to 
ammonia in the presence of fumarate or oxaloacetate. 


We wish to express our gratitude to Dr D. D. Woods for 
his generous help in the preparation of the typescript. 
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The metabolism of the toluic acids and their amides 
was investigated primarily in order to determine the 
effect of a nuclear substituted methyl group upon the 
hydrolysis of the carbamyl group in vivo. It was 
also of interest to compare the excretion products of 
the acids with those of the xylenes (Bray, Humphris 
& Thorpe, unpublished results) from which they are 


derived in vivo. Further, since the toluamides 
provide examples of compounds with two different 
potential ‘centres for conjugation’ (cf. Bray, Ryman 
& Thorpe, 1948), the metabolic fates of these 
compounds could be compared with those of the 
xylenes, in which the two centres are identical in 
character. 
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Kraut (1856) and Gleditsch & Moeller (1889) 
isolated the toluric (methylhippuric) acids, 
Me.C,H,.CONH.CH,.COOH, as metabolites of the 
toluic acids in man. Quick (1932) found that all 
three toluic acids gave rise to increased excretion of 
glucuronic acid and glycine by the dog. o-Toluic 
acid was conjugated only slightly with glycine, but 
to a considerable extent with glucuronic acid; a 
small amount was excreted unconjugated. p-Toluic 
acid was conjugated with glycine to a much greater 
extent than was m-toluic acid, but both these isomers 
were conjugated with glucuronic acid to a smaller 
extent than was 0-toluic acid. Bernhard (1937), on the 
other hand, found that the dog excreted all three 
toluic acids unconjugated. 

In this investigation the effect of the acids and 
amides on the excretion of ether-soluble acid, 
reducing material and ethereal sulphate by rabbits 
was studied and the nature of the main metabolites 
determined. 





MATERIALS AND METHODS 


Materials. The acids used were obtained either from 
British Drug Houses Ltd. or from Hopkin and Williams Ltd. 
The amides were prepared from the corresponding nitriles 
(from the same sources) by the method of Noller (1933). 
Phthalide was prepared from phthalimide (British Drug 
Houses Ltd.) by the method of Reissert (1913). 

Diet and dosage. The rabbits used were does of 2-3 kg. and 
received the diet previously described (Bray, Ryman & 
Thorpe, 1947) throughout the investigation. The compounds 
were administered by stomach tube, the acids as solutions 
of their sodium salts and the amides as suspensions in water. 
The only compound which possessed marked toxic pro- 
perties at dose levels up to 0-3 g./kg. was o-toluamide. At 
a dose level of 0-25 g./kg. this compound caused a deep 
narcosis lasting several hours, although the animalsrecovered 
completely. Dosesofo-toluicacid corresponding to0-75g./kg. 
were in some cases fatal and m-toluamide occasionally caused 
slight narcosis. The other compounds were without toxic 
effect at the dose levels used. 

Quantitative methods. The methods used for the estimation 
of ether-soluble acid, reducing material and ethereal sulphate 
have already been described (Bray, Thorpe & Wood, 1949). 
Toluene fractionation of the ether-soluble acid was not 
carried out, since the differences in the solubilities of the 
toluic and toluric acids were not sufficiently well defined. The 
presence of labile ether-soluble glucuronides which might 
decompose during toluene extraction would also complicate 
the interpretation of the results obtained. 


RESULTS 


Quantitative studies 


Normal excretion of metabolites. The average daily output 
of ether-soluble acid, reducing material and ethereal sulphate 
for individual rabbits ranged as follows: 629-852 mg. 
(calc. as hippuric acid), 130-244 mg. (as glucuronic acid) and 
33-45 mg. SO,. In sixty-one experiments the average per- 
centages, by which the weekly average figures used as base- 


H. G. BRAY, W. V. THORPE AND P. B. WOOD 


1949 


line values for the calculation of results differed from the 
individual overall averages, were, for ether-soluble acid, 
+7%, and, for reducing values, +8%. The corresponding 
difference for ethereal sulphate in sixteen experiments was 
+8% (+3 mg. SO,). 


Metabolism of o-toluic acid and amide. The results obtained * 
are given in Table 1. It can be seen that the percentages of | 


the doses of o-toluic acid excreted as ether-soluble acid and 
as ester glucuronide are approximately the same. The 
experiments recorded in Table 2 show that the reducing 
power of the ether-soluble acid was, within experimental 
error, identical with that of the urine as determined directly. 
Thus ether-soluble ester glucuronide appears to be the 
principal metabolite of o-toluic acid in the rabbit. 


Table 1. Metabolism of o-toluic acid and amide 
in the rabbit 


Percentage of dose excreted as 


Ether-soluble Ester 
Rabbit no. acid glucuronide 

o-Toluic acid (dose level 0-3 g./kg.) 

134 77 70 
134 67 83 
216 72 64 
216 71 61 
216 84 61 
216 78 58 
221 70 71 
228 84 86 
228 83 86 
228 78 86 
228 J 80 
228 — 66 
229 79 81 
Average 77 73 
o-Toluamide (dose level 0-25 g./kg.) 
134 46 13 
134 18 - 
134 10 
168 22 9 
168 17 ll 
168 0 — 
168 29 15 
190 23 a 
216 37 12 
216 50 — 
217 0 77 
227 0 — 
227 42 13 
227 38 15 
228 31 31 
228 45 16 
228 0 — 
229 0 6 


The analytical results obtained from o-toluamide urine 
were very variable. Further, the ‘extra’ reducing material 
could not, as in the case of o-toluic acid urines, always be 
completely extracted with ether, and presumably, therefore, 
did not consist only of the ester glucuronide metabolite of 
o-toluic acid. In view of the toxicity of o-toluamide it seems 
possible that the extra reducing material represents 4 
response similar to that observed with o- and m-acetotolui- 
dides (Bray & Thorpe, 1948). A similar effect has also been 
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Table 2. Hther-soluble nature of reducing material excreted by rabbits 
after administration of 0-toluic acid 


Reducing value (expressed as mg. glucuronic acid) 


Vol. 45 
Rabbit no. Dose* (g.) 24 hr. period Urine 
228 Ist 253 

1 2nd 1408 

3rd 285 

228 Ist 199 

1 2nd 1276 

3rd 251 

228 Ist 250 

1 2nd 1105 

3rd 212 


Urine after ether Ether-soluble Total 
extraction (a) material (5) (a) + (8) 
205 12 217 
298 1038 1336 
239 16 255 
192 15 207 
281 950 1231 
270 24 294 
267 14 281 
266 907 1173 
211 34 245 


* Dose administered at beginning of second 24 hr. period. 


observed in some cases after dosage with o-xylene, when 
the urine contains extra reducing material which is insoluble 
in ether, in addition to the usual amount of ether-soluble 
reducing material (presumably o-toluylglucuronicacid) which 
is excreted alone in the majority of the experiments (Bray 
etal. unpublished results). o-Toluamide is the only compound 
of the six studied which had any effect on the ethereal 
sulphate excretion, but this effect was very small and almost 
within experimental error. 

Metabolism of m-toluic acid and amide. Table 3 summarizes 
the results obtained. The percentages of the doses of acid and 
amide excreted as ether-soluble acid are comparable, but the 


Table 3. Metabolism of m-tolwic acid and 
amide in the rabbit 


Percentage of dose excreted as 


oe 
Ether-soluble Ester 
Rabbit no. acid glucuronide 

m-Toluic acid (dose level 0-3 g./kg.) 
134 104 33 
134 96 40 
182 90 23 
185 — 25 
191 — 28 
215 100 28 
229 75 27 
229 81 29 
231 100 27 
233 87 9 
233 103 18 
234 — 26 
244 — 30 

Average 93 26 


m-Toluamide (dose level 0-3 g./kg.) 


134 89 15 
134 108 26 
134 84 13 
182 102 6 
215 98 5 
231 96 2 
247 84 3 
248 84 5 
249 97 8 
250 94 3 

Average 94 9 


extent of glucuronide conjugation is much less in the case of 
the amide. The quantitative results considered without 
reference to the nature of the metabolites of the amide 
suggest that the carbamyl group is completely hydrolysed, 
whereas, as will be described later, the acid arises only in part 
from the hydrolysis of the amide group, the remainder being 
the result of oxidation of the methyl group. The ester 
glucuronide is completely extracted by ether and is, there- 
fore, included in the ether-soluble acid total. Neither acid 
nor amide caused any increase in ethereal sulphate excretion. 

Metabolism of p-toluic acid and amide. The results obtained 
with these compounds are summarized in Table 4. The ether- 
soluble acid from the amide represents the extent of amide 
hydrolysis more nearly than in the case of m-toluamide, 


Table 4. Metabolism of p-toluic acid and 
amide in the rabbit 


Percentage of dose excreted as 


Ether-soluble Ester 
Rabbit no. acid glucuronide 

p-Toluic acid (dose level 0-3 g./kg.) 
134 88 31 
213 — 14 
219 — 24 
228 — 21 
229 — 19 
234 — 13 
244 — 4 
244 102 7 
247 93 9 
247 110 ll 
247 — 13 
248 99 10 
249 105 14 
249 89 7 

Average 98 14 


p-Toluamide (dose level 0-3 g./kg.) 


182 70 5 
215 67 3 
220 — 2 
221 88 5 
221 57 + 
231 71 2 
234 92 4 

Average 74 + 
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though here also a small proportion of the dose (at least 
0:5 %) is excreted with the carbamyl group intact and the 
methyl group oxidized to carboxyl (see p. 49). The ester 
glucuronide formed is completely extracted by ether. Neither 
acid nor amide caused any increase in ethereal sulphate 
conjugation. 

Hydrolysis of toluamides by rabbit-liver extracts. Solutions 
of the three amides (0-01204mM) in phosphate buffer (pH 7-4) 
were incubated with rabbit-liver extracts prepared as 
previously described (Bray, James, Ryman & Thorpe, 1948) 
and the degree of hydrolysis measured by estimation of the 
NH, liberated (Bray, James, Raffan, Ryman & Thorpe, 
1949). Table 5 summarizes the results obtained from three 





Table 5. Hydrolysis of toluamides and 
p-nitrobenzamide by rabbit-liver extracts at pH. 7-4 


Average percentage hydrolysis 


Amide by liver extract in 
3 hr. 20 hr. 
o-Toluamide 2-5 3-0 
m-Toluamide 7-0 13-0 
p-Toluamide 19-0 48-5 
p-Nitrobenzamide 13-0 42-0 


experiments with each isomer. In one of each of these, 
formol titrations gave results agreeing with the NH, values 
within the limits of experimental error. Values for p-nitro- 
benzamide are also included in order to enable comparison 
to be made with the behaviour of an amide which has been 
shown to be completely hydrolysed in the intact animal 
(Bray, Thorpe & Wood, 1949). 


Qualitative studies 


Metabolites of o-toluic acid. No metabolite of o-toluic acid 
could be isolated from the ether extract of the urine as 
collected from rabbits dosed with this acid. Continuous 
extraction of the acidified urine, however, yielded a brown 
syrup which gave strongly positive naphthoresorcinol and 
reducing (Benedict’s) tests. The quantitative results recorded 
in Tables 1 and 2 suggested that this consisted primarily of 
ester glucuronide, but attempts to obtain this in a crystalline 
form were unsuccessful, probably owing to its instability. 
When a concentrated solution of the syrup in aqueous 
ethanol was allowed to evaporate at ordinary temperature 
in air, crystals of o-toluic acid were deposited, but whether 
from the decomposition of the glucuronide or because the 
acid was present as an individual excretion product could not 
be determined. It is possible that a small amount of o-toluic 
acid may beexcreted unconjugated since insome experiments 
theether-solubleacid excretion was greater than the excretion 
of ester glucuronide (Table 1). Glycine conjugation, if it 
occurred at all, took place to only a slight extent since 
examination of the ether-soluble material by toluene 
fractionation as described for the other isomers yielded no 
o-toluric acid. 

We failed to isolate the glucuronide by the usual lead 
precipitation method which yielded only syrups from which 
crystalline products could not be obtained, even by means of 
ether extraction. Since the only product identified after 
hydrolysis of the ether extracts was 0-toluic acid itis probable 
that the glucuronide is o-toluylglucuronide. 

Metabolites of o-tolwamide. The 24 hr. urine of ten rabbits 
which had each received 0-5 g. o-toluamide was continuously 
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extracted with ether for 24 hr., first as collected (extract A) 
and then after acidification with 2N-H,SO, (extract B). The 
residue from the second extraction was hydrolysed by boiling 
and then continuously extracted with ether (extract C). 
Extract A was a clear yellow syrup which crystallized. 
Recrystallization from water gave white plates (m.p. 70°). / 
During recrystallization they melted to form a pale yellow 
oil having an odour resembling that of the tolunitriles. The 
compound, which was nitrogen free, was identified as 
phthalide and gave no depression of melting point on mixing 
with an authentic specimen (m.p. 70°). (Found: C, 71-3; 
H, 4-4. Cale. for C,H,O,, C, 71:7; H, 45% .) The total yield 
of phthalide was approx. 1 g. 

Extract B was a dark brown syrup which slowly deposited 
crystals. The first crop (200 mg.) was separated and after 
recrystallization from water had m.p. 116-118°. It appeared 
to be crude benzoic acid, giving no depression of melting 
point when mixed with the pure acid (m.p. 120°). The 
residual syrup finally crystallized almost completely. The 
solid material wasseparated ona porous tile and recrystallized 
from water (charcoal), and yielded 700 mg. pure benzoic 
acid (m.p. 120°). (Found: C, 69-2; H, 5-0. Cale. for C,H,0,, 
C, 68-9; H, 49%.) Its identity was confirmed by conversion 
to benzanilide (m.p. 163°), which did not depress the m.p. 
163° of an authentic specimen. No metabolite of o-toluamide 
could be isolated from extract C. 

Metabolites of m-toluic acid. The ether-soluble material 
from acidified m-toluic acid urine was fractionated by 
refluxing with toluene. The dark brown syrup was almost 
completely soluble in the hot solvent, but crystals and syrup 
were deposited on cooling. Recrystallization of this material 
from water (charcoal) gave needles (m.p. 140°), which were 
strongly acidic to congo red and were identified as m-toluric 
acid. (Found: N, 7:0; equivalent (by titration) 190. Calc. for 
C,oH,,03,N, N, 7°3%; equivalent 193. Gleditsch & Moeller 
(1889) gave m.p. 139°.) The toluene filtrate obtained after 
separation of the crude toluric acid was evaporated to dry- 
ness under reduced pressure and yielded a brown syrup. 
This, on treatment with dilute aqueous ethanol, gave needles 
which after recrystallization had m.p. 110° and were identical 
with an authenticspecimen of m-toluicacid (mixed m.p. 110°). 
It was difficult to establish the yields of the two metabolites 
described, since it is certain that a proportion remained in the 
intractable syrupy residues. The amounts of toluric and 
toluic acids isolated were 1-0 and 0-5 g. respectively from 
doses of m-toluic acid totalling 3 g. The only product isolated 
after hydrolysis of the syrupy residues was m-toluic acid. 

Metabolites of m-toluamide. Extraction of m-toluamide 
urine as collected gave no recognizable crystalline product, 
suggesting that little or none is excreted unmodified. 

During continuous ether extraction of acidified m-tolu- 
amide urine solid material separated from the ethereal 
solution. After 24 hr. extraction this solid was separated, 
and, after exhaustive extraction with boiling toluene, re- 
crystallized from aqueous ethanol. The product had m.p. 278° 
and on acid hydrolysis gave isophthalic acid (m.p. 334°). 
Analysis confirmed the identity of the metabolite with 
isophthalamic acid (m-carbamylbenzoic acid). (Found: 
N, 8-2; equivalent (by titration) 160. Calc. for C,H,0,N 
N, 8-5 %; equivalent 165.) Yield of isophthalamic acid 1-7 g. 
from a total dose of 5 g. m-toluamide. The toluene-soluble 
material appeared to be crude hippuric acid contaminated 
mainly with isophthalamic acid. 

After removal of the crude isophthalamic acid from the 
original extract the ethereal filtrate was evaporated to 
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dryness and the residual syrup fractionated in the same way 
as the ether-soluble material from m-toluic acid urine. 
m-Toluic and m-toluric acids were thus isolated in yields 
of 0-3 and 1-8 g. respectively from an original total dose of 
5 g. m-toluamide. The final fraction from the m-toluric acid 
mother liquors appeared to be crude acid similar to that 
extracted by toluene from the crude isophthalamic acid. 

Metabolites of p-toluic acid. The ether-soluble material 
obtained by continuous extraction of acidified rabbit urine, 
corresponding to a dose of 3 g. p-toluic acid, was a light- 
brownsyrup which crystallized almost completely onstanding 
at room temperature. By trituration with water in the cold 
most of the reducing material was removed, leaving a residue 
which, after recrystallization from water (charcoal), gave 
white plates (m.p. 146-147°). These were extracted with 
boiling toluene and resolved into two fractions: (a) crystals 
(100 mg.), readily soluble in toluene (m.p. 178-180°), which 
did not depress the m.p., 179°, of an authentic specimen of 
p-toluic acid; and (6) crystals (2 g.) only slightly soluble in 
toluene (m.p. 163°). These were strongly acidic to congo red 
and proved to be p-toluric acid. (Found: N, 7-3; equivalent 
(by titration) 189. Calc. for C,,H,,0,N, N, 7-3%; equivalent 
193. Gleditsch & Moeller (1889) found m.p. 161—162°.) 

The aqueous triturate (above) was extracted by shaking 
with ether. Evaporation of the ether from the extract 
yielded only a small amount of p-toluic acid. The residue 
after extraction reduced Benedict reagent, but we were not 
able to isolate p-toluylglucuronic acid. Attempts to obtain 
it by the normal lead precipitation procedure were also 
unsuccessful. 

Metabolites of p-toluamide. The chief metabolite of p-tolu- 
amide is p-toluric acid which was isolated (2-5 g. corre- 
sponding to the administration of 4 g. amide), together with 
small amounts of p-toluic acid (120 mg.), by the method 
described above. The amounts obtained were similar to those 
isolated from p-toluic acid urine. It was also observed that 
a small amount of material was much less soluble in water 
than were toluric or toluic acids. This was separated and 
recrystallized from aqueous ethanol. It was acid to congo 
red and did not melt, but sublimed at about 300°. These 
properties were consistent with those of terephthalamic acid 
(p-carbamylbenzoic acid). (Found: N, 8-1%. Cale. for 
C,H,0,N, N, 85%.) Yield 20 mg. 

Extraction of p-toluamide urine as collected gave needles 
melting at 170° which were not p-toluamide or p-toluic 
acid. The amount isolated (5 mg.) was not sufficient for 
identification. 


DISCUSSION 


In an earlier paper of this series (Bray, Ryman & 
Thorpe, 1948) we discussed the metabolism of 
various aromatic compounds from the point of view 
of the presence in their molecules of groupings which 
can be directly conjugated and of groupings which 
can be modified so that conjugation can then take 
place. The metabolism of the toluamides is of 
particular interest in this connexion. These com- 
pounds contain no directly conjugable groups, but 
both the methyl and carbamyl groups are potential 
centres for conjugation inasmuch as they may be 
converted to carboxyl groups, by oxidation and 
hydrolysis respectively. The three isomers show a 
gradation in metabolic behaviour. In the para 
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isomer the carbamy] group is largely hydrolysed and 
the excretion products are very similar to those of 
the corresponding acid. Hydrolysis is not quite 
complete, however, since a small amount of tereph- 
thalamic acid is formed, indicating that oxidation 
of the other potential centre for conjugation does 
occur. The terephthalamic acid isolated appears to 
have been excreted unconjugated. In m-toluamide 
the extent of the hydrolytic and oxidative reactions 
is markedly different from that in the para isomer. 
Nearly half the dose is excreted as isophthalamie 
acid, and the remainder as derivatives of m-toluic 
acid. Since both terephthalamic and isophthalamic 
acid are excreted unconjugated, it appears that 
potential centres for conjugation may be converted 
into actual centres even if conjugation cannot or does 
not then take place. 

Theexcretion product of o-toluamide isolated merits 
individual consideration. Phthalide may arise from 
o-toluamide by means of the following reactions: 


Cz: 20H 
ee 
C: an 
CS = 
Ce > Cx OH ()* Cx> 
COs. Cx Cz e 


The fact that the studies in vitro suggested that the 
carbamyl group in o-toluamide is biologically stable 
may be interpreted as evidence against a metabolic 
pathway involving reactions (3), (4) and (5), as may 
also the fact that phthalide could not be isolated 
from o-toluicacid urine. Failure to isolate o-hydroxy- 
methylbenzoic acid should not be regarded as final 
evidence against reaction (5), owing to the ease with 
which this compound is converted to phthalide. It 
is unfortunate that o-hydroxymethylbenzamide has 
not been prepared, since its properties might 
determine whether phthalide could be formed 
directly by reaction (2), or only through o-hydroxy- 
methylbenzoic acid (reactions (6) and (5)). It thus 
appears that the first metabolic reaction which 
o-toluamide undergoes in the rabbit is oxidation of 
the methyl group. The resulting primary alcohol is 
however labile, undergoing, directly or indirectly, 
ring closure to form phthalide. So far as we are 
aware there is only one cited example of the isolation 
of this intermediate stage in the oxidation in vivo of 
a methyl group attached to the aromatic nucleus. 
This is the isolation of o-nitrobenzyl alcohol as a 
metabolite of o-nitrotoluene (Jaffé, 1878-9). It is 
often difficult to isolate intermediate products in 
biological reactions of this type and lactonization 
such as occurs in the formation of phthalide may 
provide a means of ‘fixing’ and identifying the 
intermediate products in other oxidations. We are 
4 





50 


examining some other alkyl derivatives of benzamide 
with this end in view. 

It is clear from the in vivo experiments that m- and 
p-toluamides can act as substrates for two different 
enzyme systems, one oxidizing the methyl group and 
another hydrolysing the carbamy] group. Theresults 
of in vitro experiments with liver extract recorded 
in Table 5 were obtained by estimation of ammonia 
and thus represent the hydrolysis of the carbamyl 
group only. Since corresponding results were ob- 
tained by formol titration, it seems probable that the 
principal, if not the only, reaction occurring in 
digests with liver extracts is hydrolysis of the 
carbamyl group. The use of extracts appears, in 
effect, to isolate one of the enzyme systems. 

In view of the fact that only phthalide was 
isolated as a metabolite of o-toluamide it is difficult 
to comment upon the analytical results obtained 
(Table 1). The significance of the reducing values has 
already been discussed. The benzoic acid isolated 
from acidified but unhydrolysed o-toluamide urine is 
presumably a normal metabolite of the rabbit, 
though it is not usually isolated in such com- 
paratively large amounts. If o-toluamide inhibits 
glycine conjugation it would not be expected that 
the amount of ether-soluble acid would differ greatly 
from the normal amount, since in vitro experiments 
suggest that the carbamyl group of o-toluamide is 
stable. The analytical results, however, suggest that 
extra ether-soluble acid is usually excreted, although 
the amount is variable. We have not yet been able to 
determine the nature of this extra acid. 





SUMMARY 


1. The metabolism of the toluic acids and their 
amides in the rabbit has been studied both quanti- 
tatively and qualitatively. 
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2. The acids are excreted as conjugates of glycine 
or glucuronic acid, the latter being ether-soluble. 
Small amounts are excreted unchanged. 

With the amides, the methyl group may be 
oxidized or the carbamyl group hydrolysed (or both), 
and the resulting carboxylic acids excreted free or 


conjugated as above. With the possible exception’ 


of o-toluamide, there is no evidence of ethereal 
sulphate formation. 
3. The percentages of the dose excreted as ether- 


soluble acid were : acids—ortho, 77 % ; meta, 93 % and — 


para, 98%; amides—meta, 94% and para, 74%. 
These values include the ether-soluble ester glu- 
curonides. 

4. m- and p-Toluic acids are excreted unchanged 
(17 and 3% respectively isolated), and conjugated 
with glucuronic acid (26 and 14 %), and with glycine 
(23 and 46 % isolated). o-Toluic acid is conjugated 
with glucuronic acid, but glycine conjugation was 
not observed. 

5. After dosage with m- and p-toluamides, toluic 
(6 and 3 % respectively), toluric (25 and 43 %), and 
isophthalamic (28 %) or terephthalamic (0-4 %) acids 
were isolated. Glucuronide excretion accounted for 
9 and 4% respectively. 

6. The only metabolite of o-toluamide isolated 
was phthalide (20% of the dose), which probably 
arose from o-hydroxymethylbenzoic acid or amide. 
Consistent analytical results could not be obtained. 

7. Rabbit-liver extracts hydrolyse o-, m- and 
p-toluamides to the extent of 3, 13 and 49% 
respectively. 


The authors are indebted to the Royal Society for a 
Government Grant which defrayed part of the cost of this 
investigation, and to Dr Sybil P. James and Miss M. R. 
Wasdell for carrying out the enzyme experiments. The 
microanalyses were carried out by Drs Weiler and Strauss, 
Oxford. 
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There is much evidence indicating the non-identity 
of acid phosphatases of different origin. Davies 
(1934) has shown that the acid phosphatase of the 
red cell differs from that of spleen in that the former 
hydrolyses «-glycerophosphate much more readily 
than the B-compound, while with the spleen enzyme 
B-glycerophosphate is hydrolysed more quickly. 
Kutscher & Worner (1936) described the irreversible 
inactivation of the prostatic acid phosphatase by 
certain narcotics, including alcohols. This was used 
by Herbert (1944, 1945, 1946) for the identification 
and determination of the prostatic enzyme in blood 
serum, whose normal acid phosphatase is hardly 
affected by ethanol treatment. King, Wood & 
Delory (1945), on the other hand, found the acid 
phosphatases of prostate and red cells to be similar 
in many respects, including easy destruction by 
ethanol, but formaldehyde and t-tartrate (Abul- 
Fadl & King, 1947, 19484, b) sharply distinguish the 
two enzymes by complete inactivation of the one or 
the other. In the present investigation the question 
of the identity of these two acid phosphatases is 
further dealt with. For this purpose, the rates of 
hydroiysis of phenyl phosphate by each enzyme at 
different pH values were determined, together with 
the relative rates of hydrolysis of «- and £-glycero- 
phosphates. This was followed by studies of the 
effects of organic and inorganic substances belonging 
to different groups of a possible activating or 
inhibiting nature. The nature of the enzymes is dis- 
cussed in the light of these experiments. 


EXPERIMENTAL 


Enzyme solutions 

Normal fresh human prostate glands were decapsulated, 
cut into fine pieces and ground with sand in a mortar with 
5 times their weight of 0-9% NaCl solution. A few drops of 
toluene were added and the mixture was left at room 
temperature to autolyse for 2-3 days. The mixture was then 
filtered and highly diluted (e.g. 1000-5000 times) before 
determining its activity. 

Freshly drawn samples of blood from man, ox, sheep, pig, 
rabbit, rat and guinea pig were centrifuged, the plasma with 
the top layer of white cells separated, and the red cells twice 
washed with 0-9% NaCl by spinning and decantation. 
Washed red cells (1 ml.) were lysed in 9 ml. water and the 
solution centrifuged. The clear supernatant was used 
immediately for determining the enzyme activity. 


Determination of pH-hydrolysis curves 


Acetate buffer solutions were prepared to cover the range 
of pH 3-6-6-0. The pH of each solution was determined by 
the indicator method and by the glass electrode (Muirhead) 
after mixing with an equal volume of the 0-02 M-disodium 
phenyl phosphate substrate solution and warming the 
mixture to 37° in a water bath. The hydrolysis period was 
exactly 30 min. at 37°, when the liberated phosphorus or 
phenol was determined. 


- Activating and inhibiting substances 


Metallic ions, acid radicals and amino-acids. The effects of 
the following substances on the rates of enzymic hydrolysis of 
phenyl phosphate by the prostaticand the red-cell acid phos- 
phatases have been investigated: Ca**, Co**, Cr***, Cu**, 
Fet*t*, Mn** and Zn**; arsenate, citrate, cyanide, formate, 
fluoride, oxalate, salicylate, tartrate and tauroglycocholate; 
glycine, alanine, cysteine and glutathione. Solutions of the 
pure substances (A.R. whenever possible) were prepared so 
that 1 ml. of each solution, when mixed with buffer, substrate 
and enzyme solutions, would furnish the appropriate con- 
centration of the substance in the final mixture. Acetate or 
citrate buffers of pH 5-0 were used. The liberated phenol was 
determined as an index of activity, except when there was 
a direct interference by certain metals or other substances 
with the method of phenol estimation. In such cases the 
liberated phosphate was determined either by the King 
(1932) method or by the Allen (1940) amidol method, and 
acetate was used instead of citrate buffer which interferes 
with the determination of free phosphate. 

Todoacetic acid. Neutral solutions containing 5-10 mg. of 
iodoacetate were mixed with the enzyme solutions and the 
activities were determined with and without previous 
incubation. 

Stilboestrol (4:4’-dihydroxy-aB-diethylstilbene). Tablets 
containing 5 mg. stilboestrol were ground in a mortar and 
thoroughly extracted with dry chloroform. The clear 
filtered chloroform extract was adjusted to a concentration 
of 1 mg. stilboestrol/ml. 

The effect of this substance on prostatic and red-cell 
phosphatases was studied in two ways: (a) by incubating 
the enzyme solution with stilboestrol for 1 hr. at room 
temperature, and comparing its activity with that of un- 
treated solution, which was similarly incubated. For this 
purpose 5 ml. stilboestrol solution in chloroform (1 mg./ml.) 
were pipetted into a 100 ml. measuring flask and evaporated 
by gentle warming in a water bath. The flask was then 
filled with the enzyme solution, and kept at room temper- 
ature for 1 hr. with gentle rotation to assure saturation and 
equal distribution of the stilboestrol. (b) By including 
0-5 mg. stilboestrol in the buffer-substrate-enzyme mixture. 
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In every case, chloroform was completely eliminated 
before mixing with the enzyme. This is especially important 
in the case of the prostatic phosphatase which is sensitive 
to this substance. Vigorous shaking was avoided, since the 
prostatic enzyme is rapidly inactivated, especially in dilute 
solutions. 


RESULTS 
The pH-hydrolysis curve indicates the presence of 


two acid phosphatases in the red cells of man and 
other animals; a ‘first acid enzyme’ with optimum 
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Hydrolysis of 0:01 m-pheny! phosphate (mg. phenol/ml. red cells/hr.) 





Fig. 1. pH-Hydrolysis curves for the acid phosphatases of 
the red cells. Solid line without added Mg**; broken line, 
with added 0-01 m-Mg**. 


pH of 4-3—4-8 and a ‘second acid enzyme’ optimally 
active at pH 5-0—5-7. The optimum for each enzyme 
was found to vary a little, not only from one species 
to another, but even in different individuals of the 
same animal species. The first acid enzyme is very 
labile and can no longer be detected in enzyme 
solutions which have been left to stand at room 
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temperature for a few hours. In some species the 
two optima lie well apart from each other and are 
fairly sharp (e.g. human, rabbit, ox and sheep, 
Fig. 1). In other species, however, the two optima 
are so close to each other, and that of the second 
enzyme (of higher pH optimum) is so broad that 


they are difficult to determine (e.g. pig and rat, © 


Fig. 2). ; 


12 


8 Rat red cells 


Hydrolysis (mg. phenol/ml. red cells /hr.) 





pH 
Fig. 2. pH-Hydrolysis curves of 0-01 M-phenyl phosphate 


by red-cell acid phosphatases. Solid line, without added 
Mg**; broken line, with added 0-01 M-Mg**. 


Extract of human prostate 


Hydrolysis(mg. phenol/ml! extract/hr ) 





Fig. 3. pH-Hydrolysis curve of 0-01 M-phenyl phosphate by 
prostatic acid phosphatase. Solid line, without added 
Mg**; broken line, with added 0-01 M-Mg**. 


Magnesium inhibits the phosphatases of the red 
cells especially in the more acid range. Insome cases, 
where the enzyme activity was still marked at pH 
6-0, magnesium was either without effect or showed 
slight activation; but in every case there was pro- 
nounced inhibition at the optimal pH. 

Fig. 3 shows the shape of the pH-hydrolysis curve 
of phenyl phosphate by prostatic acid phosphatase. 
There is only one clearly defined optimum, at 
pH 5-0-5-2. Magnesium, at different pH values, was 
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either without effect or produced inhibition only 
near the optimum. The absence of marked inhibition 
at the more acid pH, which was very pronounced in 
the case of the phosphatases of the red cells, confirms 
the homogeneity of the prostatic enzyme. 

Table 1 shows the relative rates of hydrolysis of 
a- and £-glycerophosphates and phenyl phosphate 
by the acid phosphatases of the prostate and red cells. 
B-Glycerophosphate is very slowly hydrolysed by 
the red-cell enzyme. The «-isomer is more quickly 
hydrolysed and phenyl phosphate much more 
rapidly. The very low activity of red-cell phos- 
phatases against f-glycerophosphate has been 
repeatedly confirmed with red cells from different 
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B-glycerophosphates, but it seems to inhibit very 
slightly the hydrolysis of phenyl phosphate (though 
not as much as it does with the red-cell enzyme). 

Table 2 shows the effect of certain metallic ions on 
the acid phosphatases of plasma, prostate and red 
cells. In acetate buffer calcium inhibits the red-cell 
enzyme slightly and the prostatic enzyme more 
strongly. (In citrate buffer, however, these in- 
hibitory effects completely disappear owing to the 
formation of calcium complexes with the citrate.) 
Chromium, cobalt, manganese and zinc all have 
variable inhibitory effects on prostatic and red-cell 
phosphatases, and none was found to exhibit the 
slightest activating property. 


Table 1. Relative rates of hydrolysis of «- and B-glycerophosphates and phenyl phosphate 
by the acid phosphatases of the prostate and red cells 


(Acetate buffer pH 5; 30 min. at 37°.) 
Hydrolysis (mg.P/30 min./100 ml. enzyme solution) 
A... 


Zits 
Enzyme solution 0-02 m-8-Glycerophosphate 
eee 





Y 
0-02 M-«-Glycerophosphate 0-005 m-Pheny] phosphate 
————— eo 


Without Without Without 
Mg 0-003mM-Mg 0-0lm-Mg Mg 0-003mM-Mg 0-0lm-Mg Mg _ 0-003m-Mg 0-01M-Mg 
Red cells (human) 0-2 0-25 0-3 ll h ll 55 _ 48 
Red cells (human) 0-2 0-2 0-25 9-2 9-2 — 43 37 os 
Prostate in normal saline 29 29 30 28 28 _ 53 _ 50 
Table 2. Effect of metallic ions on the acid phosphatases of plasma, prostate and red cells 
(Sodium phenyl] phosphate substrate; acetate buffer, pH 5; 30 min. at 37°. Activity expressed as ‘units’, 
i.e. mg. P/30 min./100 ml. enzyme solution.) 
Percentage inhibition 
Control enzyme 
without inhibitor Calcium Chromium Cobalt Manganese Nickel Zine 
Enzyme solution (units/100 ml.) (0-Olm) (0-O0lm) (0-01m) (0-Olm) (0-0lm) (0-001m) 
Red cells (human) 80 14 25 0 15 -— 20 
Red cells (human) 47 17 17 + 15 23 23 
Red cells (rat) 88 10 20 - 17 — — 
Plasma (normal) 4-2 0 — 0 10 28 0 
Prostate in normal saline 50 40 8 0 4 ll 40 
Seminal fluid 160 50 9 — 7 21° 52 
Prostate in normal plasma 10-0 16 _ 0 0 + 12 


sources and with different dilutions of enzyme, which 
were incubated with this substrate and acetate 
buffers at pH values from 3-6 to 6-6 for various 
lengths of time. (The glycerophosphate was a 
crystalline sample (Boots Pure Drug Co. Ltd.), and 
was rapidly hydrolysed by the prostatic enzyme, as 
well as by several alkaline phosphatases.) Mag- 
nesium at different concentrations activates very 
slightly the hydrolysis of B-glycerophosphate while 
practically not affecting that of the «-isomer. It 
invariably inhibits the splitting of the phenyl ester. 

The prostatic enzyme, on the other hand, hydro- 
lyses the 8-glycerophosphate almost at the same rate 
as the «-ester, while the phenyl ester is hydrolysed 
about twice as fast. The effect of magnesium (0-003 
and 0-01m) is almost negligible with the «- and 


Table 3 shows the effect of copper and iron on the 
acid phosphatases of the prostate and red cells. That 
the nature of the buffer is of considerable importance 
in the study of the effect of metals is also clearly 
shown. Copper in concentrations as low as 0-0002m 
is a strong inhibitor of the red-cell phosphatases 
(about 90% inhibition) in either acetate or citrate 
buffer media. With the prostatic enzyme copper in 
acetate causes slight inhibition (about 8% with 
0-0002m-CuSO,); with citrate buffer, on the other 
hand, a marked activation is noticed with 0-001 and 
0-0005 m-copper sulphate. 

In an acetate buffer the iron present is in the form 
of a colloidal basic iron acetate. This causes a serious 
inhibition of the prostatic enzyme (80-90 %) and a 
less marked inhibition of the red-cell phosphatases 
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Table 3. Effect of copper and iron on the acid phosphatases of prostate and red cells 
in presence of acetate and citrate buffer solutions 





(Disodium phenyl phosphate substrate; 30 min. at 37°. Activity expressed as mg. P/30 min./100 ml. enzyme solution.) 


Percentage inhibition in presence Percentage inhibition in 
Enzyme activity of copper presence of iron 
without inhibitor ©=_—————__+~—______,, ooo 
Enzyme solution (units/100 ml.) 0-001mM 0-0005m 0-0002 m 0-001 mM 0-0005 mM 
. Acetate buffer pH 5-0 
Red cells (human) 53 96 96 95 25 9 
Red cells (human) 47 100 = — 25 9 
Red cells (human) 80 90 88 85 18 5 
Prostate in normal saline 50 22 10 —_ 89 —- 
Prostate in plasma 60 42 18 8 78 78 
Citrate buffer pH 5-0 
Red cells (human) 47 99 94 90 6 0 
Prostate 145 (15.A.)* (8A.)* 0 0 0 


* A,=Activation. 


Table 4. Effect of glycine, alanine and cysteine on the acid phosphatases of prostate and red cells 
(Acetate buffer pH 5; 0-005Mm-phenyl phosphate substrate; 30 min. at 37°.) 
Hydrolysis (mg.P/hr./100 ml. enzyme solution) 








Control Glycine (m) Alanine (M) Cysteine (M) 
(nothing ——————- Ee eae ee a 
Enzyme solution added) 0-02 0-01 0-005 0-0001 0-02 0-01 0-005 0-0001 0-02 0-01 0-005 0-001 th 
Red cells (human) 22 23 23 22 22 _- — — — — — —_— a | 
Red cells (rat) 40 — = — i oS ee ee | = 
Red cells (human) 28 23 29 2 2 2 2 2 30 27 «+30 « 30~ «30 th 
Red cells (human)* 29 29 29 30 29 29 30 30 30 27 29 31 30 cy 
Prostate in normal saline 41 36 37 40 42 37 39 40 42 42 45 43 43 0- 
Prostate in normal saline* 40 36 37 39 39 — —_— —_— —_— 37 43 dt 2 g 
Seminal fluid in normal saline 29 —- a — — — — — — 26 31 — 34 ( 
* After 3 days’ dialysis in cellophan bag at 6° against running distilled water. 7 
(10-25%). In citrate buffer medium, however, the Table 5. Effect of cysteine and glutathione on the in 
pronounced inhibitory action on the prostatic copper-inhibited phosphatases of the red cells = 
enzyme is completely annulled; while the inhibition ig i ac 
of the red-cell enzyme is still marked with 0-001M- — ee. ” 5; ere oo sub- au 
concentration, but is abolished when the concentra- ia tae 3 Cwo experiments, 4 and J.) in 
tion is reduced to 0-0005m. Hydrolysis pl 
Table 4 shows the effect of glycine, alanine, and (mg. P./hr./100ml. B 
cysteine on the phosphatases of prostate and red eusyme solution) ff  (u 
a . . ° °-: M/S ; 
cells. The concentrations of glycine and alanine, A B st 
which have been reported to activate the alkaline Sich oil uidltees idee 45 19 pl 
phosphatases, do not exhibit such an effect on the tat lie wie iia 46 17 PI 
acidenzymes. Higher concentrations of these amino- cysteine Be 
acids have no effect on the red-cell enzymes, but Red-cell solution with 0-01 m- gluta- 46 18 > 
slightly inhibit the prostatic phosphatase. Cysteine thione i 
in 0-02m-concentration produces a slight inhibition Red-oall solution with .0:0005u- 8 2 e 
with red-cell and prostatic enzymes; 0-01 M-concen- CuSO, bi 
tration is either without effect or slightly activates Red-cell solution with 0-02m- 36 15 

both enzymes. After prolonged dialysis of acid. phos- cysteine +0-0005m-CuSO, both a 
phatases, there was still no change in response added at the same time Ww 
towards amino-acids. Red-cell solution incubated with 8 2 I st 
, se ee 0-0002M-CuSO, for 15 min; ; C 

Table 5shows the effect of cysteine and glutathione activity determined in presence : 

on the copper-inhibited phosphatases of the red cells. of 0-02 M-cysteine } 
When cysteine or glutathione was added, together Game expeciment repeated, sub- ré 
with copper, to the enzyme solution, the latter did stituting cysteine by 0-02. M- 8 2 a 


not inhibit the enzyme markedly. But if copper was glutathione re 
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allowed to react with the enzyme first, the enzyme 
was inhibited, and it did not seem possible to reverse 
this inhibition with excess of either cysteine or 
glutathione. 

Table 6 shows the effect of certain acid radicals. 
Arsenate strongly inhibited (about 80%) the red- 
cell phosphatases and also inhibited by about 70% 
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acids (hydroxy, ketonic, dicarboxylic and ethylenic) 
was tested. None was even nearly as effective as 
tartaric acid. 

On trying the effect of the different stereoisomers 
of tartaric acid, however, the inhibitory action was 
found to be exhibited only by the L*- and the pDL- 
racemic forms, not by the D- or the meso form. 


Table 6. Effect of acid radicals on the acid phosphatases of plasma, prostate and red cells 


(Acetate buffer, pH 5; phenyl phosphate substrate; liberated phosphate determined after 30 min. at 37°. The figures 
represent the average percentage of activation (+) or inhibition (-—) effected in several experiments.) 


a 


Human red cells 


Normal plasma in water 
Acid radical (0-01 m) (%) (%) 
Arsenate -—72 — 80 
Citrate 0 + 5 
Cyanide 0 + 8 
Fluoride -30 - 8 
Formate 0 0 
Oxalate -30 -27 
Salicylate 0 0 
Tartrate (L-) 0 0 
Tauroglycocholate 0 -77 


the enzymes of plasma and prostate. There is a slight 
activation of the red-cell and prostatic enzymes by 
the citrate radical, while the formate and the sali- 
cylate radicals are without any effect. Fluoride in 
0-01 m-concentration has comparatively little effect 
(8-10 % inhibition) on the red-cell phosphatases, 
while exhibiting more inhibition (28%) of plasma 
phosphatase, and very marked (more than 95%) 
inhibition of the prostatic enzyme. Cyanide (0-01m) 
was found to be either without effect or to have mild 
activating properties (up to 15%) on both red-cell 
and prostatic acid phosphatases. Oxalate (0-01m) 
inhibited the plasma, prostatic and red-cell phos- 
phatases nearly to the same extent (about 25%). 
Bile salts in the form of sodium tauroglycocholate 
(used in a final concentration of 0-24% in buffer- 
substrate-enzyme mixture) strongly inhibited both 
prostatic and red-cell enzymes (70-90 %). Thenormal 
plasma phosphatase, on the other hand, did not 
seem to be affected. Samples of pathological plasma 
were also examined. Some of them showed slightly 
raised acid-phosphatase values in cases of liver dis- 
ease, and all were found not to be affected by this 
bile salt. 

Tartrate, while having no effect whatever on the 
acid phosphatase of either red cells or normal plasma, 
was found to be a very strong inhibitor of the pro- 
static enzyme (more than 90 % inhibition in 0-01m- 
concentration). 

Table 7 shows the effect of certain organic acid 
radicals, which are structurally related to tartaric 
acid, on the phosphatases of plasma, prostate and 
red cells. A series of aliphatic and aromatic organic 


Activation or inhibition 


Prostate in Prostate in Seminal fluid in 
normal saline normal plasma normal saline 

(%) (%) (%) 
— 66 -70 — 66 
+ 8 +5 + 6 
+12 +10 +15 
- 96 —96 -97 

0 0 0 
—22 —25 —25 

0 0 0 
-94 —95 -93 
-76 —85 -80 


\ 
Dextrorotatory substances like dextrose have been 
tried also, as well as glycerol, pinacol, sorbitol, 


Table 7. Effect of organic acid radicals related to 
tartaric on the acid phosphatases of plasma, prostate 
and red cells 


(Citrate buffer, pH 5; 30 min. at 37°; liberated phenol was 
determined, except in the case of certain acids marked f, 
where the free phosphate was determined instead, and 
acetate buffer pH 5 was used in place of citrate. The acid 
solutions were adjusted to pH 5 before mixing with the 
buffer-substrate mixture. The figures represent the average 
percentage activation (+), or inhibition (—) effected.) 


Acid (0-01 m unless 


otherwise stated) Plasma Redcells Prostate 


Lactic 

Pyruvict 

Malic 

Maleict 

Malonic 

Mucic 

Fumaric 

Succinic 

Tartronic 
p-Tartaric 
pL-Tartaric 
meso-Tartaric 
L*-Tartaric 
L-Tartaric (0-02 M) 
L-Tartaric (0-005 mM) 
L-Tartaric (0-002 m) 
L-Tartaric (0-001 M) 


+ 
_ 


+ 
onmnoceocooconcoco 


eooooooooooooooawoo 
' 
© 


— 94 
— 95 
— 90 
-75 


-70 


-f 
ecocoocoooococoooBo 


xylose and laevulose, but none produced an effect 
similar to L-tartrate. 


* The t-form is the common dextrorotatory acid. 
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Table 8 shows that a quantitative determination 
of red-cell acid phosphatase, when present in ad- 
mixture with the prostatic enzyme in serum or 
plasma, is a practical procedure, and the figures 
found are reasonably close to the calculated values. 
It is also possible by this means to demonstrate the 
presence of a tissue phosphatase, as distinct from the 
plasma and red-cell enzymes, in blood or in mixtures 
containing blood (Tables 8 and 11). 


Table 8. Differential determination of red-cell and 
prostatic phosphatases in serum by means of 
L-tartrate 


Phosphatase 
(units/100 ml. solution) 
Found Calculated 
OF a 
Without With0-01m- Red 
tartrate L-tartrate cell Total 
Normai serum 3-0 3-0 — — 
A, Prostate extract in 108 3-6 _— = 
normal serum 
B, Red-cell solution in 66 66 — — 
normal serum 
A and B mixed in the 
following proportions: 
1:1 87 34 33 87 
1:2 79 45 44 80 
2:1 97 25 22 94 


Table 9 shows that the inhibition of the prostatic 
enzyme by 0-005M-L-tartrate is reversible, and that 
the enzyme recovers its activity on dialysis. A control 
consisting of the enzyme without tartrate was set 
up, and similarly dialysed to safeguard against any 
extraneous change in the enzyme, either through 
dialysis or through incubation. Recovery was more 
rapid at room temperature than at 0°, but some 
inactivation results from incubation at room 
temperature. 


Table 9. Reversal of L-tartrate inhibition of 
prostatic phosphatase by dialysis 


Activity 
(units/100 ml. 
enzyme solution) 
Control Test 
(without (0-005m- Inhibition 
tartrate) tartrate) (%) 


Start 120 15 88 

After 24 hr. dialysis in 120 43 64 
cellophan at 5° 

After further 24 hr. dia- 75 64 15 


lysis at room temperature 


Fig. 4 shows the effect of L-tartrate on the acid 
phosphatases of red cells, prostate, liver and spleen 
at different pH values. Strong inhibition occurs 
with the last three enzyme preparations. With the 
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red cells inhibition is only detectable in the more 
acid part of the curve, while at the second optimum 
pH there is either no effect or slight activation. The 
alkaline phosphatases are slightly activated by 
L-tartrate. 


Prostate extract 


Human liver 


Hydrolysis of 0:01 M-phenyl phosphate (mg. phenol/ml./hr.) 


Human spleen 





Fig. 4. Effect of x-tartrate on the hydrolysis of phenyl 
phosphate by acid phosphatases. Solid line, without added 
L-tartrate; broken line, with added 0-01 M-L-tartrate. 


Table 10 shows that the inhibitory effect of iodo- 
acetic acid on the prostatic and the red-cell enzymes 
is quite evident even without previous incubation of 
this substance with the enzyme. Both enzymes are 
inhibited nearly to the same extent. 

Table 11 shows the effect of certain other organic 
substances on acid phosphatases. Incubation with 
different alcohols, especially the lower homologues, 
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Table 10. Effect of iodoacetic acid on the acid phos- 
phatases of prostate and red cells 


(Acetate buffer, pH 5; 0-005m-phenyl phosphate; 30 min. 
at 37°. Iodoacetic acid solution neutralized before mixing 
with the enzyme. Activity: mg. P/30 min./100 ml. enzyme 


wation. Todoacetic acid 
Control = ———*—_—___, 
without Amount 
inhibitor added Activity Inhibition 


Enzyme (mg.P) (mg.) (mg. P) (%) 
Red cell (human) 39 5 16 59 
Red-cell solution 39 5 9 7 
incubated with in- 39 10 4 90 
hibitor for 30 min. 
at 6° at pH 7 
Prostate extract in 150 5 62 59 
normal saline 150 10 40 73 
Prostate extract 150 5 26 83 


incubated with 
inhibitor for 
30min. at 6° at 
pH7 


inhibits the acid phosphatases of bile, prostate, red 
cells and kidney, and slightly affects that of normal 
plasma. Acetone produces a similar effect. Formal- 
dehyde, in 0-5% concentration in the buffer sub- 
strate mixture, completely inhibits the red-cell phos- 
phatases and partially destroys the plasma, liver, 
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Table 12. Swmmary of the effect of different treatments 
on the acid phosphatases of prostate and red cells 


Treatment 


Alcohol incubation 


Copper (0-0002m): 


Acetate buffer 


Prostatic acid 
phosphatase 


Inhibition 
90-100 % 


Inhibition 8% 


Red-cell acid 
phosphatase 


Inhibition 
70-80%, 


Inhibition 96 % 


Citrate buffer No effect Inhibition 90% 
Cyanide Slightactivation Slightactivation 
Cysteine Slight activation Slightactivation 
Formaldehyde (0-5%) No effect Inhibition 100% 
Fluoride (0-01 m) Inhibition 97% Inhibition 10% 
Hydrolysis of a-and_ slightly > « a>B 

B-glycerophosphoric 

esters 
Tron (0-0005m): 


Acetate buffer 
Citrate buffer 


Inhibition 80% 
No effect (or 
slight activation) 


Inhibition 9% 
No effect 


Magnesium (0-01 m) No effect (or Inhibition 
slight inhibition) 
Manganese Slightinhibition Slightinhibition 
DISCUSSION 


Roche, Thoai & Baudoin (1942) reported the presence 
of two phosphomonoesterases in the red cells of the 
ox and rat, optimally active at pH 4-6—4-8 and at 
pH 5-5-5 respectively. They added that the first 
enzyme is very unstable and is strongly inhibited by 


Table 11. Effect of certain organic substances on acid phosphatases 


(Citrate buffer, pH 5; phenyl phosphate. In the case of alcohols and acetone the enzyme was previously incubated with 
two-fifths its volume of the corresponding alcohol or acetone before determining its activity. The other substances were 
included in the buffer-substrate mixture during hydrolysis. The figures represent the average percentage inhibition.) 











Inhibition (%) 





A remamasnomens 
Alcohol 
eis ’ oon Formaldehyde .-Tartrate 
Enzyme Methanol Ethanol Butanol Acetone (0-5 %) (0-01 Mm) Stilboestrol 
Red cells 60 75 80 70 100 0 0 
Prostate in normal saline 65 80 90 100 0 95 0 
Prostate in normal plasma 100 100 100 100 0 95 0 
Normal plasma 10 _10 15 30 40 0 0 
Liver: 
Human (adult) oo 0 — 0 35 70 0 
Human (new born) — 0 — — 20 70 0 
Bile — 80 — -— 35 0 see 
Kidney: 
Human (adult) — 40 — _- 40 80 0 
Human (new born) — 50 — — 20 85 0 
Spleen: 
— 0 —_ — 40 70 0 


Human (adult) 


kidney and spleen enzymes (20-60%). The pro- 
static enzyme, on the other hand, is not affected to 
any extent under these conditions of treatment. 
Stilboestrol is shown to have no detectable effect on 
any of these tissue acid phosphatases. 

Table 12 summarizes some of the above results. 


magnesium and manganese, while the second acid 
enzyme is relatively stable and is activated by these 
two metals. The present work has confirmed these 
authors’ claims as regards the presence of two acid 
phosphatases in the red cells of humans as well as 
other animals. The first enzyme has been found to be 








58 
very unstable and unless the blood is very freshit may 
escape detection. It ismuch more strongly inhibited 
by magnesium than the second acid enzyme, and is 
sensitive to L-tartrate which does not affect the 
latter. 

On the other hand, the presence of only 
one optimum in the pH-hydrolysis curve of phenyl 
phosphate by the prostatic enzyme has been 
proved. 

The acid phosphatase of mammalian erythrocytes 
has been reported to be activated by magnesium 
(Jenner & Kay, 1931; Davies, 1934; Roche, 1931; 
Roche et al. 1942). Behrendt (1943), on the other 
hand, reported magnesium to be without effect on 
the phosphatases of human erythrocytes. Kutscher 
& Worner (1936) also found that magnesium has no 
effect on the prostatic enzyme. In the present 
investigation, magnesium has been found to activate 
slightly the hydrolysis of B-glycerophosphate by the 
red-cell enzyme but to exert no effect on the hydro- 
lysis of the a-ester. On the other hand, it definitely 
inhibits the splitting of the phenyl phosphate. The 
prostatic enzyme, however, is either not affected by 
magnesium or only slightly inhibited. The fact that 
no conclusive evidence has been obtained concerning 
the activation of the prostatic or the red-cell phos- 
phatases by metals, especially magnesium even after 
prolonged dialysis, suggests that these acid enzymes 
do not consist of the metallo-protein structure which 
has been suggested for the alkaline phosphatases. It 
might be possible that they are saturated with the 
metal which is strongly bound to their protein mole- 
cule and which cannot be split before the complete 
denaturation of the protein component of the 
enzyme. Against this stands the fact that the acid 
phosphatases are either not affected, or are slightly 
activated, by cyanides, which strongly and irrevers- 
ibly inhibit the alkaline enzymes presumably by 
combination with their essential metal. The inhibi- 
tion of acid phosphatases by fluorides could not be 
accounted for by combination of the latter with a 
metal, since fluorides have either no effect or slightly 
activate the alkaline phosphatases. The inhibition of 
acid phosphatases by fluoride can be more reasonably 
considered as competitive, since Belfanti, Contardi 
& Ercoli (1935) and Lundquist (19464, b) reported its 
reversibility by dialysis. The strong inhibitory effect 
of fluoride on the prostatic enzyme, as compared 
with its relatively mild action on the red-cell enzyme, 
is worthy of note. © 

The high sensitivity of the red-cell acid phospha- 
tases to minute amounts of copper may be taken as 
evidence for the necessity of thiol groups for the 
* activity of these enzymes. These groups, on the other 
hand, seem to be not so important for the activity 
of the prostatic enzyme, since the latter is slightly 
activated by 0-001m-copper sulphate in citrate 
buffer. The same explanation can be applied to the 
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peculiar action of formaldehyde, which under certain 
conditions completely and irreversibly inhibits the 
red-cell phosphatases while not affecting the pro- 
static enzyme. (The action of formaldehyde can also 


be explained on the basis of the necessity of an amino , 


group, which Gould (1944) claims to be essential for 


complete activity of the intestinal alkaline phos- 


phatase.) Iodoacetate, however, was found to 
inhibit both the red-cell and the prostatic acid phos- 
phatases nearly to the same extent. This result is 
against the hypothesis that thiol groups are not 
necessary for the activity of the prostatic enzyme, 
unless this inhibition is due to some other reason 
than combination with thiol groups. On the other 
hand, the relative ineffectiveness of this reagent as 
thiol inhibitor has often been pointed out in the 
literature, and many well-known thiol enzymes have 
been found to be unaffected by iodoacetate (Singer, 
1948; Hopkins, Morgan & Lutwak-Mann, 1938). The 
possibility that the thiol groups in the prostatic 
enzyme are attacked by certain reagents but not by 
others cannot be overlooked. This point needs more 
investigation using a variety of effective thiol re- 
agents. The inhibition of sulphydryl enzymes by 
heavy metals has been successfully reversed by 
thiols, e.g. cysteine or glutathione (Hellerman, 1937; 
Barron & Kalnitsky, 1947). In the present experi- 
ments the inhibition of the red-cell phosphatase by 
copper could not be reversed by thiols. It seems that 
the copper-mercaptide combination of the red-cell 
enzyme is so stable, that, unless an appropriate thiol 
compound is able to dissociate the enzyme-copper 
complex, the inhibition is irreversible. Neither 
cysteine nor glutathione seems to have the power to 
do so. 

The importance of the nature of the buffering 
substance in the study of activators and inhibitors 
on phosphatases has been pointed out by Lundquist 
(1947), who found that the hydrolysis of phosphoryl 
choline and B-glycerophosphate by the prostatic 
enzyme is much faster in citrate buffer than in 
acetate buffer (10-30 and 100-500 % respectively). 
This may be the reason for the very slow hydrolysis 
of B-glycerophosphate by red cells in acetate buffer; 
and might furnish a useful clinical method for the 
determination of prostatic acid phosphatase in serum 
in methods where f£-glycerophosphate is used as 
substrate. The same author also found that citrate 
buffer prevents the inhibition of the prostatic enzyme 
by certain other organic acids, e.g. maleic. 

The inhibition of acid phosphatases other than 
those of normal plasma and red cells by L-tartrate 
is particularly interesting since it is stereoisomeric 
in nature and is highly specific. The application of 
this phenomenon is of considerable diagnostic value 


in elucidating the slightly raised values for acid , 


phosphatase in the serum in doubtful cases of pro- 
static cancer. It has been tried in several cases and 
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the results were very satisfactory. In this respect, 
the use of L-tartrate is similar to, but is better than, 
Herbert’s (1946) technique of incubation with 
ethanol. It does not interfere with the corpuscular 
enzyme, and thus haemolysis causes no error; and 
the plasma acid phosphatase in non-malignant cases 
is not affected by L-tartrate. This was established 
by trying the effect of L-tartrate on plasma acid 
phosphatase in forty-nine different non-prostatic 
cases. In about 80% of these cases the total acid 
phosphatase was either not affected, or only very 
slightly affected (+0-5 unit) by L-tartrate, while 
when the same plasma were subjected to the ethanol 
technique only 40 % of them were unaffected. Even 
in liver disease, where there is a raised total acid 
phosphatase in most cases, these high values were 
not significantly affected by L-tartrate. 

The liver acid phosphatase was found to be in- 
hibited by L-tartrate, while the bile enzyme was not 
affected (cf. Table 11). This may be due to certain 
substances present in the bile that protect the 
enzyme against such inhibition. Thus the slightly 
high serum acid phosphatase which occurs during 
liver disease and which, in many cases, is accom- 
panied by high concentrations of bile constituents, 
would be expected not to be affected by L-tartrate. 
This protective action may be due to bile salts which 
inhibit other acid phosphatases, but have no such 
effect on the plasma enzyme. 

The above facts provide sufficient evidence to 
conclude that the acid phosphatases of the 
prostate gland and of the red cell are different 
enzymes. 

Differences amongst the acid phosphatases of 
other tissues are also demonstrable. For example, 
the red-cell enzyme is not identical with that of the 
spleen, as was indicated by Davies (1934). The 
kidney acid phosphatase also does not seem to be 
identical with the liver or spleen enzymes, since the 
former is partially inhibited by ethanol, while the 
two latter enzymes are not affected. Kochakian 
& Fox (1944) studied the effect of castration and 
testosterone propionate on the acid and alkaline 
phosphatases of the kidney, liver and intestine of the 
mouse. They found that the activity of the acid 
phosphatase of kidney was increased with testo- 
sterone propionate and decreased by castration 
while the liver and intestinal enzymes were not 
affected. 

Stilboestrol, together with other oestrogens, is 
widely used for the treatment of prostatic cancer. 
As a sequence of favourable response to treatment 
the plasma acid phosphatase values, which are 
particularly high in patients with secondaries in the 
bones, fall markedly during the course of oestrogenic 
therapy. It was not known whether stilboestrol has 
a direct inhibitory action on the prostatic and other 
tissue acid phosphatases, but the present investiga- 
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tion shows that it has not. The following clinical case 


illustrates the indirect effect of oestrogens on the 
prostatic acid phosphatase in vivo. 


A young man 25 years old was admitted to hospital com- 
plaining of pain under the sternum for 3 weeks, cough and 
dyspnoea for 5 days. He was well built and hair distribution 
and external genitals were normal. Both breasts were 
visibly enlarged; there was no other significant physical 
sign. The Aschheim-Zondek test was positive with a urine 
dilution of 1:10, and a serum dilution 1:100, giving a con- 
centration of 4000 to 40,000 and between 40,000 and 
400,000 mouse units of gonadotrophic hormone/]. The blood 
count was significantly abnormal. He was regarded as a case 
of generalized chorion-epithelioma, primary unknown, there 
being no palpable lesion of the testes. The patient deteriorated 
rapidly and died. The summary of lesions found on post- 
mortem examination is as follows: (1) chorion-epithelioma 
arising in superior mediastinum presumably in the teratoma; 
(2) massive pulmonary metastases; (3) gynaecomastia. There 
was one metastasis, 9 mm. diameter in the inferior part of 
the left lobe of the cerebellum; the brain was otherwise 
normal. 

The two breasts were dissected out and weighed 95 g. 
Macroscopically they resembled a non-lactating female 
breast. They were sharply defined from the surrounding fat. 
They were examined for alkaline phosphatase and were found 
to be very poor in this enzyme. 

The thyroid, parathyroid and pituitary were normal. The 
cortex of the suprarenal appeared somewhat thinned. Both 
testes were of normal size and quite free from tumour or any 
abnormality. The seminal vesicles appeared enlarged. The 
prostate gland appeared quite normal in size. It was 
examined for phosphatase activity, and it was found that 
1g. wet weight of prostate liberated 126 mg. phenol from 
phenyl phosphate at pH 5, during 1 hr. at 37°. The normal 
human prostate gland liberates 3000-10,000 mg. phenol/g. 
wet weight under the same conditions. 


It is, therefore, believed that the gonadotrophic 
hormones, through their indirect action on the pro- 
state cells, cause less phosphatase to be produced. 
A parallel action is believed to take place when 
oestrogens are administered in the treatment of 
cancer of the prostate with secondaries. 


SUMMARY 


1. The prostatic and red-cell acid phosphatases 
have been studied with respect to pH-hydrolysis 
curves of phenyl phosphate, the relative rates of 
hydrolysis of «- and £-glycerophosphates, and the 
effect of magnesium. The presence of two acid phos- 
phatases in the red cells has been confirmed. 

2. The effects of calcium, chromium, cobalt, 
copper, iron, manganese, nickel and zinc on the 
activity of the prostatic and red-cell enzymes are 
described. No evidence for enzyme activation by * 
any of these metals was obtained. Copper com- 
pletely destroys the red-cell enzyme; while iron, in 
acetate buffer, strongly inhibits the prostatic enzyme, 
but has no such action in citrate buffer. 
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3. Glycine and alanine have no effect on either 
prostatic or red-cell phosphatases. Cysteine slightly 
activates both enzymes. 

4. The effects of ethanol, acetone, formaldehyde 
and certain organic acid radicals on acid phos- 
phatase activity have been studied. L-Tartrate, 
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The Micro- and Ultramicro-determination of Chlorine 
in Organic Compounds 


By J. D. JUDAH, Graham Research Laboratories, University College Hospital Medical School, London 


(Received 9 July 1948) 


To follow the metabolism of 1:1:1-trichloro-2:2-di- 
(p-chlorophenyl) ethane (DDT) in tissues a method 
was necessary for determining small amounts of 
organically bound chlorine. In addition, a technique 
was required for the estimation of DDT in the 
presence of possible degradation products. Although 
the determination of inorganic chloride in minute 
amounts is possible (Sendroy, 1937, 1939; Conway, 
1935), adaptation to the new requirements would 
not be convenient since in Sendroy’s method chloride 
is precipitated with silver iodate and the concentra- 
tion of chloride must be at least 0-01 M. The method of 
Conway is not subject to these limitations, but the 
dimensions of his microdiffusion unit are such that 
it would be difficult to make estimations of small 
amounts of organically bound chlorine in relatively 
large amounts of tissue. 

The basis of the present method is the photometric 
determination of the intensity of the starch-iodine 
blue colour after liberation of free iodine from 
potassium iodide by chlorine formed by the oxidation 
of the compound under test. 
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while not affecting the acid phosphatases of plasma 
and red cells, inhibits other acid phosphatases 
particularly that of the prostate, and the nature of 
this action has been studied and discussed. 

5. Stilboestrol has no direct effect on any of the , 
acid phosphatases. 
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A technique has also been devised for the determi- | appa 
nation of DDT in tissue extracts in the presence of Th 
metabolites. The discovery by White & Sweeney ° level 
(1945) that 2:2-di(p-chlorophenyl)acetic acid (DDA) — 82s fi 


is a product of DDT metabolism in animals 
has made it possible to separate an alkali-soluble 
from a neutral fraction of organically bound chlorine 
found in the tissues of animals after the ingestion 
of DDT. 


} 
METHODS AND RESULTS | 
Oxidation of organically bound chlorine is effected on 
by heating with specially prepared silver dichromate | from 
in the presence of concentrated sulphuric acid. | 4 sma 
Inorganic chloride may be determined after its 
oxidation in the cold by an acid permanganate 
mixture (Conway, 1935), organically bound chlorine 
not being attacked under these conditions. The latter 
method may be used for the specific determination of | 
DDTsince | mol. ofhydrochloricacidisliberated/mol. 
of DDT by the action of alcoholic alkali (Gunther, 
1945). Chlorine volatilized by the oxidation is carried 
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by a stream of nitrogen into potassium iodide 
solution contained in an absorbing vessel. The 
problem then becomes one of micro-iodometry. For 
amounts down to 1 yg. chlorine a direct determina- 
tion of the liberated iodine is possible. For amounts 
below lug. a technique has been devised for the 
separation of the free iodine and its conversion to 
iodate. 

In studies of the distribution and fate of DDT in 
the body, these methods may be applied to the 
analysis of tissue extracts. By carrying out determin- 
ations of total chlorine, inorganic chlorine before 
and after incubation with alcoholic alkali and of 
alkali-soluble organically bound chlorine, it is 
possible to establish the presence of DDT, other 
organic compounds containing neutral chlorine and 
alkali-soluble compounds containing chlorine. 


Apparatus 


Description. The apparatus (Fig. 1) is constructed of pyrex 
glass. Oxidation is carried out in the reaction vessel A, 
connected by means of combined still head and dropping 
funnel B to the absorbing vessel C which consists of a delivery 
tube contained in an outer vessel, the walls of which fit 
closely to the spiral rod wound round the delivery tube. 
C is connected with the absorber D of similar construction. 
The central absorbertube C isrequired only forthe determina- 
tion of Cl in tissues. Its purpose is to remove SO, which may 
be evolved during the reaction and it contains a mixture of 
saturated KMnO, (2 vol.) and 50% (v/v) H,SO, (1 vol.). 

A spiral of glass rod is wound round the stem of the 
dropping funnel B; its purpose is made plain in the section 
on the determination of DDT. The gas inlet E is connected 
by pressure tubing to a N, cylinder fitted with a reducing 
valve, and the gas rate is adjusted by the bubble rate in 
a wash boitle. The gas inlei consists of a tube fitting by a 
standard joint into the neck of the dropping funnel B. The 
latter holds H,SO,, which is run into the flask after the 
apparatus has been assembled. 

The purpose of a fine capillary in C and D just below the 


| level of the joint socket will be made clear in the section on 
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gas flow. 

Gas flow. Because of the dimensions of the apparatus, the 
passage of gas at the rates required leads to irregular flow 
owing to fluctuations of pressure within the assembly. 
Regularity was achieved by introducing constrictions just 
below the joints of the delivery tubes (Fig. 1). 


Reagents 


Sulphuric acid. The concentrated acid (A.R. grade) has 
been found to give a zero blank. It should be stored away 
from direct light and should be shaken before use with 
a small amount of silver dichromate to remove reducing 
substances. 

Silver dichromate. The commercial salt yields a large blank, 
owing to traces of nitrate. The following method of pre- 
paration yields a product giving zero blank values. Silver 
oxide is prepared from AgNO, by precipitation with 40% 
(w/v) NaOH. The precipitate is washed with water 12 times 
by decantation. The moist oxide is then dissolved in the 
minimum volume of 70 % (v/v) H,SO, and an excess of CrO,, 
dissolved in the minimum volume of water, is added. A dark 
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red precipitate of the dichromate separates at once. The 
flask is now placed in a boiling water bath, and air drawn 
rapidly through the mixture for about 3 hr. Nitrate and 
chloride are thus completely removed. Asoda-limetube should 
beattached to the airintake. The contents of the flask are then 
diluted and allowed to stand overnight. The precipitate is 
washed by decantation at least 10 times. At the end of the 
washing, the water should be bright yellow in colour from 
dissolved dichromate. The flask and contents are now dried 
at 90° and the silver dichromate stored in a dark bottle. The 
yield is almost quantitative. 





Fig. 1. Apparatus for liberation of chlorine and 
absorption train. 


Potassium iodide. A 5% (w/v) KI (A.R.) solution is used as 
the absorbing fluid. It should be freshly made daily in water 
redistilled over Ba(OH), in a glass apparatus. 

Starch. A 1% (w/v) solution of starch (A.R.) is prepared 
by suspending 1 g. starch in 10 ml. cold glass-distilled water. 
About 90 ml. of water is brought to the boil and the starch 
suspension added rapidly to it. The solution is allowed to 
boil for 1 min. and then made up to 100 ml. 

n-Butanol. Commercially obtainable pure n-butanol is 
suitable. It is stored in a cold room to avoid formation of 
aldehyde, but discarded after 1 month. 
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Light petroleum. The A.R. grade, boiling range 40-60°, 
must be purified by washing 6 times with conc. H,SO, and 
6 times with water. It is then dried and redistilled. 

Reagents for the Groak (1934) oxidation. These are listed 
by Salter (1937). 

Solvents. Acetone (A.R.) was redistilled over anhydrous 
K,CO,; ether (A.R.) was redistilled over Na. 

Methanolic KOH is prepared from methanol redistilled 
over Na; KOH (A.R.) gives a small blank value. Each fresh 
batch of methanolic KOH should be standardized with 
respect to chlorine content. 

Potassium permanganate (A.R.) is recrystallized until it 
yields no blank. 


Microestimation (1-0-120 yg. chlorine) 


Method for pure substances. The compound, in a suitable 
volatile solvent, is introduced into the oxidation flask 
(Fig. 1, A) and the solvent is evaporated carefully under 
reduced pressure so that no traces are left. Failure to observe 
this precaution will lead to violent reactions when oxidation 
starts and may give erroneous results. Silver dichromate 
(0-5-1-0 g.) is introduced and the apparatus is assembled 
without tube C. The absorber D is filled with KT solution 
(5 ml.) and water up to the shoulder of the vessel. Conc. 
H,SO, (8 ml.) is run into the dropping funnel B, the gas 
flow started at 10 ml./min., and the tap of the dropping 
funnel turned so that the acid is forced into the flask. The 
flask is now heated to 110° in a glycerol bath. Gas flow is 
continued for 30 min. after the correct bath temperature is 
reached. The liberated I, is then estimated. For amounts 
of 1-100yg. Cl a direct reading is easily possible using the 
starch-iodine blue colour and an absorptiometer. For 
amounts over 100yg. titration with 0-005N-Na,S,0, is 
recommended. 

Estimation of the starch-iodine blue colour. The contents of 
the absorber are transferred completely to a volumetric 
flask which is filled nearly to the mark with water and 
0-5 ml. of 1% (w/v) starch added. The volume is made up, 
the contents of the flask well mixed, and any blue colour 
which develops read within 10 min. at 25°. Using a single- 
cell photoelectric absorptiometer with 2 cm. cells and an 
Ilford red filter (no. 204), it was found that a 25 ml. final 
volume gave a readable blue colour within the limits 1-25 yg. 
Cl; with a final volume of 50 ml. the upper limit is 50 ug. and 
a final volume of 100 ml. raises this to 100 yg. 

Effect of iodide concentration. Bairstow, Francis & Wyatt 
(1947) have shown that in the presence of a large excess of 
KI (or indeed of any salt) starch will give a purple-red colour 
with iodine. Conway (1935) has used this colour in his micro- 
determination of Cl, but with the absorptiometer used in 
these experiments the readings obtained were found to 
deviate from Beer’s law. The bearing of this point on the 
present method is that with a final volume of less than 25 ml. 
and in the presence of 5 ml. of 5% (w/v) KI, the starch- 
iodine complex gives a purple-red colour; with the dilutions 
and quantity of KI recommended in the present paper 
a satisfactory blue colour is obtained. 

Effect of temperature. In accordance with the findings of 
other workers (Bairstow et al. 1947; Sendroy, 1937), the 
starch-iodine blue colour has been found to vary in intensity 
with temperature. A working temperature of 25° gives 
reliable results. 

Addition of starch. Starch should be added just before the 
volume of the solution is finally adjusted, otherwise a purple- 
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red colour may be obtained instead of the usual blue; further 
dilution does not necessarily result in the conversion of the 
former to the latter colour. 

Time of reading. In contrast to other work (Bairstow 
et al. 1947; Talbot, Butler, Saltzman & Rodriguez, 1944) it 
has been found that the blue colour is fairly stable in neutral’ 
solution and hence the time of reading is immaterial within 
wide limits. Fig. 2 illustrates this point. Curve A was 
obtained from repeated estimations of the starch-iodine blue 
colour corresponding to 10g. chlorine. In contrast, curve 
B was obtained by the action of acid iodate on KI and 
indicates a steady deepening of the starch-iodine blue colour 
with time as was expected, since KI decomposes in acid 
solution. 


180 
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Time (min.) 
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01 0-15 0:20 025 0:30 


E 
Fig. 2. Effect of time on starch-iodine blue colour. Iodine 
equivalent to 10g. chloride. A, starch-iodine blue colour 
in neutral solution; B, starch-iodine blue colour obtained 
by action of acid KIO, on KI. 


Calibration curves. These should be prepared separately 
for each final volume by carrying out a series of determina- 
tions on a standard substance and checked by parallel 
readings on a standardized iodine solution. The calibration | 
curves obtained by the present method have all been straight | 
lines passing through the origin. 


From the results of the analysis of two chlorine- 
containing organic compounds it will be seen that 
satisfactory accuracy is obtainable (Table 1). 


Ultramicro method 


For the ultramicro procedure, certain changes are 
necessary. While it is possible to use the above- 
described absorber (Fig. 1,D) with good results one 
of the same pattern, but of half the volume, is more j 
convenient. 
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Table 1. Determination of the chlorine content of 
two organic substances by the micro method 


Cl content 





a= 
Found 
(a, No. of 
Amount Cale. Mean  s.p. Range determina- 
(ug-) (ug) (ug) (ug) (HB) tions 
DDT 
120 60:0 60-25 1-89 57-61 4 
100 50-0 =650-10—1-57 48-52 6 
75 375 3830 1-00 37-39 3 
50 25-0 2480 0-80 24-26 5 
25 12-5 12-75 0-27 12-13-5 6 
10 5-0 480 0:35 45-53 4 
5 2-5 2-63 0-29 2-3-3-0 4 
p-Chlorobenzoic acid 

499-0 113-0 11425 1-89 113-117 4 
249-5 565 56-75 1-26 55-58 4 
99-8 22-60 22:90 1-72 21-24 3 
49-9 11:30 11-13 0-713 10-3-11-6 3 

In this method the iodine is extracted from 


potassium iodide solution by an immiscible solvent ; 
the solvent is then washed free from iodide and the 
iodine converted to iodate. The starch-iodine blue 
colour is used for its determination. In a final volume 
of 25 ml. the intensity of the blue colour allows the 
estimation of chloride as low as 0-25yug. With the 
Rehberg or similar microburette, a_ titrimetric 
method can be used. 


The technique up to the extraction of the iodine is similar 
to that already described for the micro procedure. Silver 
dichromate (250-500 mg.) with 5-8 ml. H,SO, is used as the 
oxidizing mixture. After the passage of the gas for 30 min., 
the fluid in the absorber is rinsed into a small separating 
funnel with two washes of water. Extraction is accomplished 
with a mixture of light petroleum (45 vol.) and n-butanol 
(55 vol.); vigorous shaking should not be used. The butanol- 
petroleum layer is transferred to a second separating funnel, 
and the aqueous layer extracted once more with solvent 
mixture and the extracts combined. The iatter are generally 
opaque and may be cleared by washing with saturated 
Na,SO, solution. Seven further washings are carried out,water 
and Na,SO, solution being used alternately with vigorous 
shaking. I, is next converted to iodide by adding to the 
separating funnel 0-5 ml.m-K,CO, and 0-5 ml. 0-1 M-sodium 
metabisulphite. The two layers are mixed and allowed to 
separate. The aqueous layer is run into a small vessel, to 
which is added two further washes of 1 ml. portions of water. 
Increase in the volume of aqueous washes to more than 3 ml. 
and violent shaking should be avoided since they increase the 
amount of the organic solvents in the aqueous layer and these 
may interfere with the subsequent oxidation of iodide to 
iodate according to Groak (1934). 

The iodide-containing solution is now heated on a boiling 
water bath for 30 min., after which there should be little of 
the organic solvents present. The vessel is now transferred 
to a water bath at 80°, and 15-20 drops of n-KMn0O, are 
carefully introduced directly into the liquid. The solution 
should remain pink. The vessel is kept at 80° for 4 min., and 
then 6 drops of 8N-H,SO, are added down the side of the 
vessel and the latter replaced in the water bath for 4 min. 
The solution should remain pink to the end of this step. 
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NaNO, (0-75 nN) is now added dropwise with shaking until the 
solution is colourless. The sides of the vessel are rapidly 
washed down with a stream of water, followed by 3 drops of 
5M-urea. The vessel is again heated on a boiling water bath 
for 30 min. and then put in ice. When cold, the solution is 
transferred to a 25 ml. volumetric flask and 0-5 ml. of 
1% (w/v) starch solution added, followed by water nearly 
up to volume, 0-5 ml. 1% (w/v) KI and water to 25 ml. The 
intensity of any blue colour developed is read within 5 min. 
at 25°. Since the colour is developed in an acid medium, the 
time of reading is critical. 

In carrying out this series of steps it is essential to adhere 
rigidly to the technique. Where the extraction of I, is con- 
cerned, for example, it is a matter of convenience what 
volumes of the petroleum-butanol mixture are used, except 
that washing free of iodide is facilitated by the use of small 
volumes; on the other hand, the removal of the I, from the 
organic solvents must be carried out in the minimum of the 
aqueous solution. 

The Groak (1934) reaction must be carried out with the 
utmost care, the solutions being added according to direction ; 
only the 8 n-H,SO, should be run down the side of the vessel, 
all the other reagents being added directly to the solution. 
It must be stressed that the solution should remain pink 
during the first 8 min. of the process: this should be the case 
if the organic solvents have been removed. The analytical 
results given in Table 2 illustrate the degree of accuracy 
obtainable. 


Table 2. Determination of chlorine content of 
DDT by the ultramicro method 


Cl content 


nnn Nn, 
Found 

Amount A—________ No. of 
of DDT Cale. Mean S.D. Range determina- 

(ug-) (wg-) (ug-) = (ug) (ug-) tions 

2-00 10 0-92 0-265 0-8-1-3 5 

1-50 0-75 0-75 0-234 0-6-0-85 5 

1-00 0-50 0-525 0-32 0-4-0-6 t 

0-50 0-25 0-25 0-186 0-2-0°35 3 


The determination of DDT 


Gunther (1945) showed that when DDT is in- 
cubated with alcoholic potassium hydroxide, the 
following reaction takes place: 


~HC 
(C1. C,H,)2.CH.CCl,—— (Cl. CgH,)2.C:CCl,. 


Wain & Martin (1947) showed that this reaction 
takes place at room temperature. Following Conway 
(1935), the inorganic chloride so liberated was 
oxidized in the cold with acid permanganate; the 
organic by-product of the reaction and DDT itself 
are not attacked by the cold mixture. Volatilization 
of chlorine from the reaction flask depends upon 
thorough agitation of the acid permanganate mixture 
by the gas stream. A spiral (Fig. 1, A), wound round 
the stem of the dropping funnel, ensures this and 
increases the effective surface. The flask is filled with 
the oxidizing mixture so that the fluid level is well 
up the stem. 
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The technique which follows is also applicable to 
the determination of inorganic chloride. 


Procedure. A solution of DDT is placed in the oxidation 
flask and the solvent evaporated. Methanolic KOH (0-1n) 
is added and the mixture maintained at 30° for 0-5 hr. 
A little water is then added and the methanol removed under 
reduced pressure. Where amounts below 25yug. DDT are 
analysed, 0-02N-KOH may be used. When evaporation is 
complete, 12-15 ml. of a mixture of saturated KMnQ, (1 vol.) 
and 25 % (v/v) H,SO, (1 vol.) is run in, and the determination 
carried out as for organically bound Cl but without heating. 


The analyses recorded in Table 3 illustrate the 
applicability of the method. 


Table 3. Determination of alkali-labile chlorine of 
DDT and of sodium chloride 


Cl content 
a 
Found 
——- dF No. of 
Amount Cale. Mean S.D. Range determina- 
(vE-) (ug-)  (ug-) (wg) (vg) tions 
DDT 
100-0 10-0 9-60 0-314 9-0-11-5 6 
50-0 5-0 4-97 0-182 4-0-6-3 6 
10-0 1-0 0-97 0-22 0-8-1-3 6 
5-0 0-5 0-51 0-31 0-4-0-65 6 
2-5 0-25 0-24 0-19 0-2-0-35 4 
NaCl 
116-92 70-92 69-6 1-7 67-0-72-0 6 
58-46 35-46 35-6 1-29 34-0-37-0 6 
29-23 17-73 17-7 0-53 17-0-18-7 6 
11-69 7-09 6-9 0-118 6-5-7-5 6 
5-846 3-546 3-6 0-120 3-0-4-0 6 
1-169 0-709 0-70 0-103 0-60-0-85 6 


Estimation of DDT and allied substances in tissues 


The methods described above can be applied to 
extracts made from tissues. Certain modifications 
of the procedure are required. The tissue extracts 
usually contain a rather large amount of fatty and 
other substances which react violently with the 
oxidizing mixture to liberate sulphur dioxide. This 
interferes with the liberation of iodine in the absorber. 
To obviate this risk, a central absorber (Fig. 1, C) is 
placed between the oxidation flask and the absorp- 
tion vessel containing potassium iodide solution. It 
contains about 10-15 ml. of a mixture of saturated 
potassium permanganate solution (2 vol.) and 50% 
(v/v) sulphuric acid (1 vol.). This absorbs all the 
reducing agents volatilized, but not the chlorine. 


Extractions of tissues. Tissues (1-2 g. wet tissue, or as much 
as is available) are ground with anhydrous Na,SO, (A.R.) 
until a freely flowing dry powder is produced. During the 
grinding, enough 8n-H,SO, is added to bring the pH to 2. 
The powder is transferred completely to a flask and extracted 
by three successive 35 ml. portions of boiling ether. Each 
portion of ether is allowed to cool and filtered into a second 
flask through a filter paper (Whatman no. 1). 

The combined filtrates are transferred to a separating 
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funneland shaken with 10 ml. 10 % (w/v) NaOH. Theaqueous 
layer is run into a second separating funnel. The ethereal 
layer is washed with 10 ml. water which is added to the 
alkaline wash. The combined aqueous washes are extracted 
with 10 ml. ether and the ethereal extract added to the first 


separating funnel. The combined ethereal extracts are” 


washed twice with water and evaporated, the residue taken 
up in acetone, filtered if necessary and adjusted to a con- 
venient volume (10-20 ml.). This solution contains all the 
neutral organic Cl. Portions are used to determine total 
organic Cl and DDT (as alkali-labile Cl). A determination of 
entrained inorganic Cl, i.e. Cl fortuitously extracted from 
the tissue, is also carried out and the values for the total and 
alkali-labile Cl are corrected by this amount. The combined 
alkaline extract, containing alkali-soluble organic Cl, is 
acidified to pH 2 with 8n-H,SO, and extracted by shaking 
vigorously with an equal volume of ether. The ethereal 
solution is evaporated, the residue taken up in acetone, which 
is filtered if necessary and portions of the filtrate analysed 
for total and inorganic Cl, the value for alkali-soluble organic 
Cl being obtained by deduction. 


Table 4. Recovery of DDT and di(p-chlorophenyl)- 
acetic acid (DDA) added to wet tissues 


(Wt. of wet tissue, 2 g. in each experiment.) 
Wt. of substance 


added to tissue Wt. found 
DDT DDA DDT DDA 
Tissue (ug) (ug-) (ug.) (ug.) 
Kidney 25-0 50-0 25-0 52-0 
10-0 25-0 11-0 23-5 
Liver 50-0 22-5 55-0 25-0 
5-0 0-0 5-0 0-0 
10-0 5-0 11-0 4-5 
25-0 100-0 27-0 103-0 
Muscle 40-0 55-0 36-6 52-0 
0-0 25-0 0-0 22-0 
50-0 60-0 54-0 57-0 
Brain 20-0 10-0 20-0 8-0 


Table 4 illustrates the recovery from tissues of 
added DDT and DDA. It will be seen that satis- 
factory results can be obtained. 


DISCUSSION 


The apparatus described resembles that of Krainick 
& Zacherl (1937) but the dimensions differ, and the 
introduction of the intermediate absorber makes it 
possible to apply the method to the analysis of tissue 
extracts. The differences in the mode of determina- 
tion may be put shortly by saying that the Krainick 
& Zacherl method is intended to determine relatively 
large amounts of chlorine in a small amount of 
organic material, while the present method is de- 
signed for the determination of small amounts of 
chlorine in relatively large amounts of organic 
material. 

The accurate application of the present method to 
tissue determinations depends on the securing of 
tissue extracts which are relatively free from in- 
organic chloride. However, a blank is always 
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obtained and parallel determinations of inorganic 
chloride must be carried out. Using the micro- 
method, a direct determination of 1-0 yg. chlorine is 
possible. The ultramicro method is intended for use 
with amounts of tissue providing less than 1-0 yg. of 
chlorine, e.g. tissue slices. It is hoped that, by 
reducing the size of the apparatus and by modifying 
the determination of iodine, amounts of chlorine 
down to 0-1 pg. may be determined. Sucha technique 
might be useful for investigations on the metabolism 
of DDT in insects. 

It should be pointed out here that the application 
of the method to substances other than those 
specifically mentioned may be limited by their 
volatility. For example, consistently low results 
were obtained when estimations were attempted on 
chloroacetamide. This was attributable to volatiliza- 
tion of the substance before complete oxidation could 
take place. 
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SUMMARY 


1. Methods are described for the micro and ultra- 
micro determination of chlorine in DDT and related 
compounds, applicable to amounts of 1-120yug. and 
0-25-1-0 ug. of chlorine, respectively. 

2. The techniques have been successfully applied 
to the analysis of tissues containing these substances. 
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Studies in Detoxication 


25. THE CHARACTERIZATION OF PHENYLGLUCURONIDE, AND 
ITS RATE OF HYDROLYSIS COMPARED WITH THAT OF 
PHENYLSULPHURIC ACID 


By G. A. GARTON, D. ROBINSON anp R. T. WILLIAMS * 
Department of Biochemistry, University of Liverpool 


(Received 14 December 1948) 


The present work was carried out for two reasons. 
First, investigations in this laboratory on the meta- 
bolism of benzene showed that 11% of orally 
administered benzene was excreted by rabbits as 
glucuronides (Porteous & Williams, 1949a), and 
Schmiedeberg (1881) isolated from the urine of a 
benzene-fed dog a crystalline substance which was 
probably phenylglucuronide. We therefore required 
phenylglucuronide as a reference compound for 
further investigations on benzene. Secondly, phenyl- 
glucuronide is used as a standard substrate for the 


* Present address: Biochemistry Department, St Mary’s 
Hospital Medical School, London, W. 2. 
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assay of f-glucuronidase in tissues (see Kerr, 
Graham & Levvy, 1948; Mills, 1948). After a search 
of the literature we felt that phenylglucuronide had 
not been properly described. 


Phenyl-f-p-glucuronide was first isolated by Kiilz (1890) 
from the urine of rabbits receiving phenol by injection. His 
material melted at 148°, but he attributed the wrong 
formula, C,,H,,0,, in accordance with his analytical figures. 
It was synthesized from phenol and acetobromoglucurone 
by Neuberg & Niemann (1905), who described it as anhydrous, 
m.p. 150-151°, [a] — 83-3° (solvent not mentioned). For 
material isolated from the urine of a sheep fed with phenol, 
Salkowski & Neuberg (1906) gave m.p. 148-150°, [a]p 
— 81-9° (solvent not mentioned) and analytical figures for the 
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anhydrous glucuronide (C,,H,,0,). Masamune (1933), who 
isolated the compound from rabbit urine after phenol 
feeding, dried it in vacuo at 78° and his analytical figures 
agreed with those for anhydrous phenylglucuronide. He 
gave m.p. 160° (decomp.), but quoted no specific optical 
rotation. 





It is clear, therefore, that phenylglucuronide has 
not been satisfactorily described. We shall show that 
phenylglucuronide is normally a dihydrate unless 
dried at elevated temperatures. Its rate of hydro- 
lysis by acid compared with that of phenylsulphuric 
acid has also been studied with a view to justifying 
a procedure used in this laboratory for separating 
phenols conjugated with sulphuric acid from those 
conjugated with glucuronic acid. 


EXPERIMENTAL AND RESULTS 
Phenylglucuronide 


(a) Isolation from urine. The isolation of the glucuronide 
asthe basic Pbsalt has been described by Porteous & Williams 
(1949a). Phenol was fed at a dose level of 0-8 g. to rabbits 
(3 kg.), and from an 18 hr. urine the yield of crystalline 
glucuronide was 0-9-1-0 g./g. of phenol fed. To purify the 
glucuronide it was dissolved in absolute ethanol and the 
solution was filtered and evaporated to dryness in vacuo; 
the residue was recrystallized from the minimum of hot 
water. After drying in vacuo at room temperature the 
dihydrate of phenylglucuronide was obtained as long 
colourless needles, m.p. 161-162° (corr., decomp.) after 
sintering at 110-115°. It showed [«] - — 78-5° (c,2 in water). 
(Found: C, 47-5; H, 5-9; H,O, 11-7; C,H;OH, 30-:0%; 
equiv. by titration, 299. C,,.H,,0,.2H,O requires C, 47-1; 
H, 5-9; H,O, 11-8; C,H,OH, 307%; equiv. 306.) After 
recrystallization from benzene-ethanol the compound re- 
tained its water. It isnon-reducing and gives a strong Tollens 
naphthoresorcinol reaction. 

On drying to constant weight at 105° (1-5-2 hr.) anhydrous 
phenylglucuronide as described by Masamune (1933) was 
obtained. This formed white needles, m.p. 161—162° (corr., 
decomp.) and [a], —90-5° (c, 1-6 in water). (Found: equiv. 
272. Calc. for C,,H,,0,, equiv. 270.) The anhydrous com- 
pound dissolved less rapidly in water than the dihydrate. 

It is probable that the optical rotations quoted by 
Neuberg & Niemann (1905) and Salkowski & Neuberg (1906) 
are for the dihydrate and that their analytical figures are 
for dried samples. 

(6) Benzylamine salt of phenylglucuronide. The dihydrate 
(200 mg.) was dissolved in 20 ml. ethyl acetate containing 
5% (v/v) absolute ethanol. Benzylamine (10 drops) was 
added until no further precipitation occurred. The benzylamine 
salt (200 mg.) wasrecrystallized from 95 % ethanol and formed 
colourlessneedles, m.p. 207—208° (corr., decomp.), [al 62-3° 
(c, 2 in water). (Found: N, 3-5%. C,,H,,0,N requires N, 
3-7%.) It is easily soluble in water, insoluble in cold but 
soluble in hot ethanol. It gives the Tollens reaction readily. 

(c) Absorption spectra. The ultraviolet absorption spectra 
(determined with a Hilger E3 Quartz Spectrograph) of 
phenylglucuronide and its dihydrate were identical (the 
common curve is shown in Fig. 1). From the values of Z a 
for the anhydrous and hydrated forms at various wave- 
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lengths, the molecular weight of the hydrate could be 
calculated from that of the anhydrous form (mol. wt. 270), 
For the wavelengths 271, 268 and 259-5 my. the values 305, 
311 and 309 respectively, were found (calc. mol. wt. 306), 
thus confirming that the compound was a dihydrate. 
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Fig. 1. Ultraviolet absorption spectrum of phenylglucuro- 
nide or its dihydrate in water. A,,,, 271 and 264-5 mp. 
(€mox, 690 and about 810, respectively), and ~ 259-5 mp, 
(€max. 710). 


The spectra (Fig. 1) show bands with A,,,,, 271 and 
264-5 my. (€nax 690 and about 810, respectively, and an 
inflexion at 259-5my. with ¢,,,, 710. It is interesting to 
compare these values with those for phenol in ionizing and 
non-ionizing media. Phenylglucuronide (C,H,OR, where 
R=C,H,0,) should be similar to un-ionized phenol (# =H). 


Phenol in pentane (non-ionizing medium) shows maxima | 


at Anax. 270 and 277-5my. (€,,, 2000 in both cases) and 
a small band at 265 my. (€,,,x, 1270; Klingstedt, 1923). In 
ionizing solvents phenol shows a single large band in this 
region of the ultraviolet; thus in water this band has Agus, 
269-8 my. (Klingstedt, 1922) and in ethanol d,,,, 273 mp. 
(Morton & Stubbs, 1940). The spectrum of phenol in 
various solvents is further discussed by Stimson & Reuter 
(1945). 


The rate of hydrolysis of phenylglucuronide by acid 
compared with that of phenylsulphuric acid 


It has been observed on several occasions in this 
laboratory that glucuronides of phenols are not 
rapidly hydrolysed by dilute acids at the temper- 
ature of a boiling water bath, whereas ethereal 
sulphates of phenols are readily hydrolysed. We 
have made use of this observation for the separation 
of phenols conjugated with sulphuric acid from those 
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conjugated with glucuronic acid (Garton & Williams, 
1948, 1949; Porteous & Williams, 19496; Smith & 
Williams, 1949). The present experiments were 
carried out to see how far this procedure was justified 
and could be made more discriminating. 
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Fig. 2. Comparison of the rate of hydrolysis by n-HCl 
of phenylsulphuric acid with that of phenylglucuronide 
at 93-95°. A, potassium phenylsulphate, x 0-0048mM, 
@ 0-0017m. B, phenylglucuronide dihydrate, 0-0005m. 


The potassium phenylsulphate used was prepared 
according to Burkhardt & Lapworth (1926). (Found: 
8, 15-4%. Cale. for C,H,0,SK: S, 15-1%.) 

Standard solutions of phenylglucuronide dihydrate 
(0:0005m) and potassium phenylsulphate (0-0017 and 
00048 Mm), made n with respect to HCl, were heated in a 
boiling water bath (temperature of solutions 93-95°). All 
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solutions were raised to 93-95° before mixing. Samples 
of 5ml. were withdrawn periodically and immediately 
neutralized with solid NaHCO,. The mixture was diluted to 
a known volume with distilled water and its free phenol 
content determined colorimetrically with 2:6-dichloro- 
quinonechloroimide as described by Porteous & Williams 
(1949). The results (Fig. 2) show that, at this temperature, 
phenylsulphuric acid is completely hydrolysed in 10 min. 
whereas the proportion of phenylglucuronide hydrolysed is 
less than 2%. In previous papers we had used periods of 
20-30 min. and, although less than 10% of the glucuronide 
is hydrolysed in this time, it appearsthata15 min. hydrolysis 
under our conditions would have given a sharper separation. 
In experimentsin which the liberated sulphate was estimated, 
Sperber (1948) showed that phenylsulphuric acid was com- 
pletely hydrolysed by approx. 0-25N-HCl in 10 min. and 
resorcinylsulphuric acid in 15min. Masamune (1933 
studied the hydrolysis of phenylglucuronide by N-HCl at 
100° (i.e. in boiling solution) and found 16% hydrolysis in 
10 min. and 99% in 3-5 hr. Porteous & Williams (19492) 
found that 10N-H,SO, was necessary to hydrolyse phenyl- 
glucuronide completely in 1 hr. at 100°. 


SUMMARY 


1. Phenylglucuronide has been prepared bio- 
synthetivally and characterized. It normally occurs 
as a dihydrate; its benzylamine salt has been 
described. 

2. The ultraviolet absorption spectrum of the 
glucuronide in water has been determined and dis- 
cussed in relation to that of phenol. 

3. Phenylsulphuric acid is hydrolysed by acid at 
93-95° at least 50 times as rapidly as is phenyl- 
glucuronide. 


We wish to thank Prof. R. A. Morton for assistance with 
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Research Council, and one of us (D.R.) participated while 
holding a Medical Research Council Studentship for training 
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Some Effects of Glucose and Calcium upon the Metabolism 
of Kidney Slices from Adult and Newborn Rats 


By J. R. ROBINSON, Department of Experimental Medicine, University of Cambridge 


(Received 23 December 1948) 


Cutting & McCance (19464, b) compared the meta- 
bolism of slices cut from the kidneys of newborn and 
adult animals. They found that the respiratory rate 
of kidney tissue from newborn rats changed little 
over a period of 2 hr., whilst that of the adult tissue 
fell off rapidly. Such a decline has often been 
reported, and Laser (1942) accepted it asa peculiarity 
of the kidney. Cutting & McCance noted, however, 
that their slices of adult tissue were visibly dis- 
integrating after 2 hr., and had often lost 40-50% 
of their nitrogen. These slices were immersed in a 
solution buffered with phosphate at pH 7-4, similar 
to that described by Krebs (1933). It contained no 
calcium, and had about eight times the concentration 
of phosphate found in mammalian extracellular 
fluids. Cutting & McCance (1947) also studied the 
effect of calcium upon the respiration and the loss of 
nitrogen of kidney slices from adult and newborn 
rats. Since they believed that calcium would not 
remain in a solution containing phosphate at pH 7-4, 
they made their comparisons in a saline solution 
buffered with phosphate at pH 6-8 and in bicar- 
bonate-Ringer at pH 7-4. The adult tissues lost less 
nitrogen in the presence of calcium, and their 
respiratory rate was better maintained, but was still 
far from constant. 

The present work was undertaken to extend these 
observations, and a medium has been devised in 
which kidney slices from adult rats respired at a 
constant rate for 4 hr. This technical improvement 
has enabled the metabolism of slices from adult and 
newborn rats to be compared in a more reliable 
fashion, and in general the previous results have been 
fully confirmed. The new medium is an artificial 
extracellular fluid containing glucose, Ca** and 
phosphate in physiological amounts at pH 7-4. It 
contains, however, no added bicarbonate. Its 
buffering capacity is less than that of the solutions 
which have generally been employed, but it gave 
satisfactory control of pH because kidney produces 
less acid than do the tissues upon which much of 
the early manometric work was done. Furthermore, 
it was hoped by using a smaller concentration of 
phosphate buffer to mitigate the difficulties which 
arise from the low solubility of the phosphates of 
calcium. Some relevant physicochemical data are 
briefly discussed in an appendix. 


EXPERIMENTAL 


Preparation of media 

A saline solution was prepared by mixing 0-154m-NaCl 
(232 ml.), 0-154M-KCl (8 ml.), 0-154m-MgSO, (2 ml.) and 
0-110m-CaCl, (6 ml.). The mixture was brought cautiously 
to pH 7-4 with 0-1N-NaOH. 12 ml. of m/15-phosphate buffer 
(pH 7-4), prepared by mixing solutions of Na,HPO, and 
KH,PO, as described by Hawk, Oser & Summerson (1947, 
p. 636), were then added; pH was controlled both by capilla- 
tors and by the glass electrode. To avoid precipitation the Ca 
and phosphate were not brought together in less than the 
final volume, but the completed solution was stable. 

As extracellular fluids contain about 100 mg./100 ml. of 
glucose, this seemed a natural addition to make to the saline. 
Accordingly, 0-4 ml. of 5% glucose was added to each 
19-6 ml. of the buffered saline immediately before use. The 
resulting medium contained approximately, in mmol./L, 
Nat, 140; Kt, 5; Cat*, 2-5;Mgtt,1; Cl", 144; P,3andSO,_, 
1; giving a total ionic strength of 0-158. It will be referred 
to as ‘medium A 1’. This solution contained the equivalent 
of the total Ca of serum, but it was anticipated that some 
Ca** would be fixed by protein from the slices. In some 
experiments a similar solution (42) was used which con- 


tained twice as much phosphate buffer and one half as much , 


0-11M-CaCl,, giving the same ionic product, but twice the 
buffering capacity. No appreciable difference was found 
between the results of experiments in which A 1 and A 2 were 
used, and these results have been grouped together under the 
general heading ‘medium A’. Several incomplete forms of 
this new medium were also employed in comparative studies. 
Medium B was the same as A 1, except that the CaCl, was 
omitted. Medium C was medium Al with the glucose 
omitted. Medium D was the same as C except that the CaCl, 
was also omitted. It gave results similar to those obtained by 
Cutting & McCance (1946a) with their phosphate solution. 
Since it was found that increasing the concentration of phos- 
phate up to 18 mm. madeno essential difference in the absence 
of Ca, the results of a few experiments using the original 
solution prepared by Cutting & McCance have been grouped 
among those under the heading ‘medium D’. 

In a footnote seen when this work was almost completed, 
Hawk et al. (1947, p. 301) recommended a similar solution 
without the Mg. A few experiments since then have suggested 
that respiration is better maintained when Mg is included, 
and Kuyper (1945) found that Mg increased the solubility 
of the Ca phosphates, so that its presence seems desirable. 


Technique 

This was in the main as described by Cutting & McCance 
(1946a), using Barcroft’s differential respirometers. Adult 
rats were killed by a blow on the head, newborn ones by 
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decapitation; the kidneys were immediately removed and 
placed in medium C, in which the slices were prepared. 
Usually these were cut free-hand (Dixon, 1943), but the 
kidneys of some newborn rats were sliced by the method of 
Deutsch (1936), as modified by Cohen (1945). The slices were 
more easily cut by this method, but in the Barcroft flasks 
they seemed to lose more N, and not to maintain their 
respiration quite so well. The tissue (50-70 mg.) was bathed 
in 2-7 ml. of fluid in each manometer flask. The slices were 
roughly and quickly weighed on a glass-fibre microbalance 
similar to the much more sensitive quartz-fibre balance 
described by Lowry (1941). The centre tubes contained 
0-3 ml. of 10% KOH and the usual roll of filter paper. The 
flasks were gassed with pure O, in the bath at 38°, a point 
discussed later. Readings usually commenced about 45 min. 
after the death of the animals and were repeated every 
15 min. Although physiologically objectionable, continuous 
removal of CO, is necessary in order to follow the variation 
of respiration with time. Warburg (1923) gave an estimate 
of 23 mm. Hg for the pressure of CO, at the centre of a slice 
0-47 mm. thick respiring in O,. As the slices in this work were 
about 0-3 mm. thick, the cells were exposed to a pressure of 
CO, which was below that in their normal surroundings 
(40-50 mm. Hg according to Campbell, 1931), but which was 
not negligible. The adequacy of the buffer was checked by 
adding phenol red at the end of every experiment. 

Nitrogen was determined by the micro-Kjeldahl method. 
The tissue fragments were transferred to a Pyrex tube, and 
the fluid remaining in the flask was added to 10% tri- 
chloroacetic acid (1 ml.) in a centrifuge tube. The tissue, the 
precipitate and the supernatant fluid (first evaporated to 
small bulk) were then separately digested for 12-24 hr. with 
H,SO, containing copper selenide. The NH, formed was 
released by steam distillation, trapped in 2% boric acid 
coloured with bromocresol green, and titrated with 0-0143 n- 
H,SO,. The three analytical figures gave the total amount of 
N in the slices in each flask, and the amounts lost to the 
medium as ‘protein’ N and ‘non-protein’ N. 


RESULTS 


Kidney slices from adult rats 


Respiration. Table 1 shows the average respiratory 
rates of adult rat kidney slices during the first hour 


Table 1. Average respiratory rates of adult rat kidney 
slices during the first hour in various media at 
pH 7-4 


Respiratory 
rate 
Mean+s.p. 
(ul. O./mg. No. of 
Medium Glucose Ca total N/hr.) —exps. 
A + + 137+ 7 7 
B “ - 157414 5 
Cc - + 140+11 8 
D ~ - 128+13 6 
Significance of differences 
t P 
Aand B 2-8 <0-02 
A and D 1-45 0-15 
Band C 2-15 0-05 
Band D 3-2 0-01 
C and D 1-6 0-15 
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in the four media at pH 7-4. They only varied 
between 128 and 1571. O,/hr./mg. total N, but it 
will be seen that Ca tended to increase the respiratory 
rate, and glucose increased it considerably. The 
latter effect was not observed, however, when glucose 
was added to a medium which contained Ca. The 
scatter shown by the standard deviations was partly 
due to grouping together results obtained from the 
kidneys of many rats. The same effects were also 
observed when slices from the kidneys of the same 
rat were compared in the different media. 


Respiratory rate (as °o of rate during first hr.) 





2 
Time (hr.) 


Fig. 1. Respiratory rates of adult rat kidney slices in media 
A, B, C and D (see p. 68, col. 2, para. 2) at pH 7-4. 
Average respiratory rates expressed as percentage of 
O, uptake during first hr. Arrowsshow standard deviations. 
Numbers of experiments shown in brackets. 


More striking differences were revealed when the 
experiments were continued for 4hr., and Fig. 1 
shows how the respiratory rates fell off in the 
different media. The ordinates are averages of the 
figures obtained by expressing the O, uptake in 
a given 60 min. as a percentage of that in the first 
hour of the same experiment. They have been 
plotted at the mid-points of the 60 min. periods, and 
the value of 100% for all initial periods has been 
plotted at 30 min. Standard deviations of the results 
in media A and D have been indicated by arrows, and 
the number of experiments from which each average 
was calculated is shown in brackets. It will be seen 








that in the new medium, containing both glucose and 
Ca, there was no significant falling off in respiratory 
rate, for the slight decline in the averages was always 
less than the standard deviation. When both glucose 
and Ca were omitted, the respiration fell off 40-50 % 
in 4hr., but either glucose or Ca could reduce this 
decline to about 20%. 

The slices still appeared normal to the naked eye 
after 4hr. shaking inany of the media which contained 
Ca, and slices which had stood in medium C for 3—4 hr. 
at room temperature, and had then been kept in it 
overnight in the refrigerator at 4°, also appeared 
normal. In nine experiments, in which slices stored 
in this way were suspended in medium A in the 
Barcroft flasks 24 hr. after they had been prepared, 
the average Qo, was 93% (s.D.5) of that found for 
slices from the same kidneys within an hour of the 
death of the animal. The respiration of these slices 
fell off about 10% in 2 hr., which was a smaller 
decline than that found by Cutting & McCance 
(1946a) for fresh slices in their phosphate solution 
without Ca. Slices which had been kept overnight 
in solutions containing no Ca were found to have 
lost most of their respiratory activity. 

Loss of nitrogen. Table 2 shows the percentages of 
N which were lost by slices of adult rat kidneys 
after 4 hr. observation in the Barcroft flasks in 


Table 2. Average amounts of nitrogen lost by slices of 
adult rat kidney after respiring for 4 hr. in various 
media at pH 7-4 


(All losses are expressed as % of the total N originally 

present.) 
Losses of N 
ey 
As 
‘non- As 

No. of protein’. ‘protein’. 
Medium Glucose Ca exps. Mean+s.p. Mean-+s.p. Total 


A + + 7 8240-7 17-:041-2 25-2 
B + - 6 106+1-0 28-:0+5-6 38-6 
Cc ~ + ll 9441-1 23-:144-2 32-5 
D - - 4 103405 283425 38-6 

Significance of differences in total N lost 

t P 

A and B 9-2 <0-001 

A and C 3-4 <0-01 

C and D 3-0 0-01 


different media at pH 7-4. It will be seen that 
although glucose in the absence of Ca had been 
found to stimulate respiration, and to reduce its 
decline (Table 1 and Fig. 1), it had no effect upon the 
loss of N. Ca always reduced the loss of N, but did 
so more effectively when glucose was supplied in 
addition, and in this case the falling off in respiratory 
rate was abolished (Fig. 1). 
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In a number of experiments, each made on slices 
from the kidneys of one adult rat, the losses of N were 
determined after different periods in the Barcroft 
flasks. Six manometers were prepared, gassed 
together in the bath, and then dismantled one at a 
time, starting at the end of the period of equilibra- 
tion, so that the amounts of N in the slices and in the 
medium could be determined. Fig. 2 shows the 


100 


(%) 


Respiratory rate 


Loss of nitrogen 
e Total N 


‘Protein N 


N (%) 


Non-protein N 





Time (hr.) 





Fig. 2. Adult rat kidney slices in presence of Ca and glucose, 
at pH 7-4. Respiratory rate in each half-hour period 
expressed as percentage of O, uptake during first hr.; 
losses of N as percentage of total amount of N originally 
present. P (arbitrary time scale) represents zero losses 
when the slices were put into the flasks. Data plotted at Q 
were obtained by shaking slices by hand for 5 min. at 
room temperature. 


results of one of these experiments in medium A at 
pH 7-4. The respiratory rate in each half-hour period 
is shown as a percentage of the rate during the first 
hour. (The apparent fall in the seventh period was 
probably caused by faulty re-equilibration after the 
manometer fluid had reached the ends of the scales.) 
The loss of N which had occurred by the end of the 
equilibration period has been plotted at zero time. 
The slices had then been in the flasks for about 
20 min., and the shaking motor had been running 
for 10 min. It was assumed that no N had left the 
slices when they were first put into the flasks, and 
a point P indicating a zero loss has been plotted to 
the left of the origin, but not to a strict time scale. 
The additional data plotted at Q were obtained by 
shaking some slices by hand for 5 min. at room 
temperature. As shown in Fig. 2, 125% of the N 
originally present in the slices was removed in 5 min. 
shaking, 14% had been lost before manometer 
readings began, and a further 11-5 % was lost during 
the next 4 hr. at a diminishing rate. Meanwhile, the 
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initial rate of respiration had persisted. Fig. 3 shows 
for comparison the results of a similar experiment in 
which the slices were suspended in a phosphate 
solution actually prepared by Cutting & McCance. 
This time the pH was 6-8, which reduced the amount 
“of N lost in 4 hr. from 39 % for a similar medium at 
pH 7-4 (Table 2) to 29%. This effect of pH, dis- 
covered by Cutting & McCance, made it possible to 


Respiratory rate 


<8 


Loss of nitrogen 





PQ0 1 2 
Time (hr.) 


Fig.3. Adult rat kidney slicesin absence of Ca and glucose, at 
pH6-8. Respiratory rate in each half-hour period expressed 
as percentage of O, uptake during first hr.; losses of N as 
percentage of total amount of N originally present. P and 
Q as in Fig. 2. 


compare the loss of N in the new medium (A 1) with 
quantitatively similar losses of N in a medium 
lacking Ca and glucose. It will be seen that although 
approximately the same total amount of N was lost 
in each case, the time relations were quite different. 
Without Ca or glucose (Fig. 3) there was a loss of 
14% before readings began, and another 15% was 
lost at an increasing rate during the next 4hr. At the 
same time the respiratory rate rapidly declined, and 
the slices had visibly disintegrated. 


Kidney slices from newborn rats 


These were all studied in the new medium (A 1) at 
IH 7-4, so that their metabolism could be compared 
vith that of adult tissue in the same medium. 

Respiration. The average respiratory rate during 
he first hour was found to be 106 yl./mg. total N/hr. 
S.D. 8 in seven experiments). This is very sig- 
lificantly less than the figure of 137,1./mg. total 
V/hr. given in Table 1 for adult tissue (t= 6-3; 
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P <0-001). The rates in the second, third and fourth 
hours were 96, 94 and 89 % of the initial rate, with 
s.D.’s of 7, 10 and 13 respectively. The scatter and 
the tendency for the O, uptake to decline were both 
increased by the inclusion of results from slices cut 
by Cohen’s (1945) method. 

Loss of nitrogen. The average loss of N after the 
respiration had been measured for 4 hr. was 20-3 % 
(s.D. 1-4 in seven experiments). This was very 
significantly lower than the figure of 25-2% given 
in Table 2 for adult tissue in the same medium 
(t=6-4; P=0-001). Furthermore, as some of the 
slices had been cut by Cohen’s (1945) method, this 
difference was probably underestimated. In an 
experiment of the kind illustrated in Figs. 2 and 3, 
slices cut free-hand from the kidneys of one whole 
litter of newborn rats were found to have lost 12% 
of their N before readings began, and they lost a 
further 5 % during the next 4 hr. (cf. 14 and 11-5% 
in Fig. 2). 

DISCUSSION 


Most of the respiratory rates have been expressed in 
pl. O,/mg. total N/hr. The final dry weight would 
not have beep a suitable basis for comparing the 
respiration of slices in the different media because 
they lost different amounts of material. It would 
have been equally unsatisfactory for comparing the 
respiratory rate of adult tissue with that of infant 
tissue, which contains a higher proportion of water. 
For this purpose the initial moist weight, advocated 
by Bach (1944), would have been no better, and 
nitrogen can be determined more precisely. It might 
appear even better to give an instantaneous rate of 
respiration per unit of nitrogen remaining at any 
moment. There is, however, no simple means of 
determining this, and if it had been done the tissues 
respiring in medium A would have been credited 
with an increasing respiratory rate. 

Glucose was chosen as substrate because it is 
generally available in the body, and can serve the 
cells as a source of glycogen and of three-carbon 
compounds which are not normally found outside 
cells in comparable concentrations. A high concen- 
tration of lactate or succinate might alter the course 
of the metabolic reaction chains, and give informa- 
tion about the quantity of one enzyme system in the 
cells rather than about respiration as a co-ordinated 
activity. According to Shipley (1944), the amounts 
of tissue used in these experiments could have pro- 
duced about 1 mg. of glucose in 4 hr., a quantity 
comparable with that supplied in the medium 
(2-7 mg.), so that little effect on the oxygen uptake 
might have been expected to follow the addition of 
glucose. It was in fact found that, in the presence of 
calcium, glucose had no effect upon the initial 
respiratory rate, but the later decline in respiration 
and the increased loss of nitrogen which occurred 
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when glucose was omitted from the medium may 
have been related to the exhaustion of the glucose 
and glycogen originally present in the cells, and to 
the breakdown of proteins for gluconeogenesis. This 
response of the slices to the presence or absence of 
glucose is interesting in connexion with the demon- 
stration of Jiménez-Diaz & Souto-Candeira (1948) 
that the kidneys in the body add glucose to the blood 
when the blood sugar level is low, but take up glucose 
and store it as glycogen when the blood sugar is high. 

The respiration of the adult kidney slices in the 
absence of glucose and calcium fell off only about 
half as much as Cutting & McCance (1946a) had 
found, even when a solution prepared by them was 
used. However, whereas they had gassed their flasks 
at room temperature, in this work the gassing was 
done in the bath at 38°, and a longer time was allowed 
for equilibration, so that part of the decline must 
have been over before readings began to be taken. 

The loss of nitrogen occurred in two well-defined 
phases. There was first a rapid loss of about 12-15% 
of the nitrogen originally present in the slices. This 
occurred during the equilibration, and it did not 
appear to depend upon either the composition of the 
medium or the age of the tissue. The nitrogen lost 
was probably contained in blood and cellular debris 
washed away when shaking began. It is unlikely 
that this material contributed appreciably to the 
uptake of oxygen, and the presence of so much inert 
matter constitutes an objection to calculating the 
respiratory rates on a basis of total nitrogen. How- 
ever, it would also have been included if the initial 
moist weight had been determined, and with a 
standardized technique it did not seem to vary 
enough to cause serious irregularities in the re- 
spiratory rates based on total nitrogen. 

A further, much slower loss of nitrogen occurred 
during the next 4 hr. while the oxygen uptake was 
being measured, and in this phase the rate of loss 
depended on the composition of the medium and the 
age of the tissue. With adult kidney slices, the loss 
was least in the new medium containing calcium and 
glucose, and its rate decreased during the period of 
observation (Fig. 2). As this loss of nitrogen was not 
associated with a change in the respiratory rate, the 
nitrogen cannot have come from a, part of the cells 
concerned with respiration, and the loss may not 
have been unphysiological. Recent work using meta- 
bolites which contain unusual and recognizable 
isotopes has shown that the apparent permanence of 
cellular structures is the result of nicely adjusted 
dynamic equilibria. Thus Shemin & Rittenberg 
(1944) found that half the nitrogen in the liver 
proteins of the adult rat was exchanged with nitrogen 
outside the cells in about a week, and Schoenheimer 
(1942) gave a table suggesting an even more rapid 
turnover in the kidney of the same animal. During 
the fourth hour of the experiment illustrated in 
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Fig. 2 the slices lost about 1 % of their nitrogen. Had 
this rate continued without further decrease, the 
cells would have lost half their nitrogen in about 
2 days, which is of the same order as the rate of 
exchange deduced from work with isotopes. The 
rate was in fact decreasing, which might be taken 
to suggest the approach to an equilibrium in which 
nitrogen could be taken up again. from the medium 
as fast as it was being lost. The cells were in negative 
nitrogen balance because the medium contained at 
first no nitrogen for exchange, and the result was 
a slow loss of nitrogen unassociated with any de- 
crease in the rate of respiration. If such an inter- 
pretation is feasible, it is interesting to look upon 
the slower loss of nitrogen from the infant tissue 
suspended in the same medium in the light of a 
suggestion of Rittenberg & Shemin (1947) that 
young animals grow, not because their cellssynthesize 
protein more rapidly than those of adults, but because 
their autolytic processes are slower. 

In incomplete media which did not contain 
calcium the second phase of the loss of nitrogen from 
slices of adult tissue proceeded at an increasing rate 
(Fig. 3), and at pH 7-4 about twice as much was lost 
during this phase as was lost when calcium and 
glucose were present. Itseems reasonable to attribute 
the additional loss of nitrogen that occurred in the 
absence of calcium to the breaking down of dying 
cells, for it was associated with a fall in respiration. 
The escape of protein through damaged cell mem- 
branes may also have contributed to it. 

Changes in the permeability of the cell membranes 
may explain the influence of calcium on the initial 
rates of respiration in the presence and absence of 
glucose (Table 1). Cutting & McCance (1947) sum- 
marized the evidence that calcium tends to stimulate 
the respiration of the intact cells of some tissues, 
including rat kidney, but inhibits the oxygen uptake 
when it is allowed access to the intracellular enzymes 
by mincing or grinding the tissue. Although the 
increase in respiration shown in the comparison 
between media D and C in Table 1 did not reach the 
conventional level of statistical significance, similar 
results were reported by Kisch (1934), among others 
quoted by Cutting & McCance (1947). If calcium 
inhibits the enzymes, its action in stimulating 
respiration must be exerted from outside the cells, 
and the reduction in the permeability of their mem- 
branes would hinder the escape of substrates and 
coenzymes. It would also hinder the entry of sub- 
stances from the surrounding medium, and this may 
explain the observation that calcium prevented any 
stimulation of the respiration by glucose. Dickens 
& Greville (1935) have described an analogous 
inhibition by calcium of the respiration of brain 
slices in the presence of glucose. The increased 
respiratory rate which was produced by glucose in 
the absence of calcium did not persist (Fig. 1), and it 
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was not accompanied by a reduction in the loss of 
nitrogen. Glucose did, however, further reduce the 
nitrogen loss in the presence of calcium. One might 
say crudely that calcium helped to hold the cells 
together so that they could use energy derived from 
’ the oxidation of glucose to maintain their integrity. 
For in medium A their respiration was stable and 
the loss of nitrogen was minimal. 

The steady respiration of slices of adult rat kidney 
in the new medium suggests that the falling off which 
was found by previous workers (and which could be 
reproduced by omitting glucose or calcium) was a 
consequence of the employment of incomplete media, 
and ought not to be accepted as a property of the 
tissue. 

When the new medium was used to compare the 
metabolism of kidney slices from adult and newborn 
rats, the lower respiratory rates which Cutting & 
McCance (1946a) could demonstrate only during the 
first half hour of their experiments were found to 
persist throughout 4hr. Cutting & McCance had 
found that the adult tissues lost more nitrogen than 
the infant ones, but this might have been due to a 
more rapid disintegration of the cells. The fact that 
in the new medium, when their respiration was 
stabilized and they did not obviously disintegrate, 
the adult tissues still lost more nitrogen confirms that 
Cutting & McCance were really dealing with an 
effect of age. A striking difference in sensitivity to the 
composition of the environment is also clearly shown 
by the fact that the adult slices could maintain 
a constant respiratory rate only in the complete 
medium, whereas Cutting & McCance had found the 
infant tissue to be far less exacting. It is interesting 
that Lasnitzki (1934-5) reported a lower Qo, , aslower 
decline in respiration, and a relative insensitivity to 
the ionic composition of the medium, when kidney 
slices from embryo rats taken in the last third of 
pregnancy were compared with the corresponding 
adult tissue. This ‘ toughness’ in face of unfavourable 
conditions appears to be rather characteristic of the 
tissues of newborn animals. It may be an important 
property of the component cells ofan organism which 
has not yet developed homeostatic mechanisms 
adequate to maintain that ‘fixité du milieu intérieur’ 
which is required to enter upon a free adult existence. 


SUMMARY 


1. A stable medium buffered with phosphate 
(3mm.) has been devised for use with slices of 
surviving kidney tissue. Except for the absence of 
bicarbonate its composition resembles that of mam- 
malian extracellular fluids. 

2. In this medium slices of adult rat kidney 
maintained a constant respiratory rate for 4 hr., and 
could be stored for 24 hr. at 4° without serious loss 
of respiratory activity. 
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3. Glucose and calcium were both essential for the 
steady respiration of slices of adult rat kidney. When 
either of these was absent the respiration fell in 
4 hr. to about three-quarters of its initial rate, and 
when both were absent the respiratory rate fell to 
about half its initial value in the same time. 

4. Slices of adult kidney in the presence of glucose 
and calcium lost about one eighth of their nitrogen 
during the equilibration period and asimilar quantity 
during the next 4hr. In the absence of calcium, 
whether glucose was present or not, they lost the 
same amount during equilibration, and about twice 
as much during the next 4hr. Glucose without 
calcium did not affect the loss of nitrogen, though it 
augmented the nitrogen-sparing effect of calcium. 

5. When compared with adult tissue in the new 
medium containing glucose and calcium, slices of 
infant rat kidney showed a lower respiratory rate 
which persisted for 4 hr., and lost a smaller pro- 
portion of their nitrogen. 


APPENDIX 


Some data concerning the solubility of the 


\ phosphates of caleium 


Mammalian extracellular fluids, according to Gamble (1947), 
contain about lmmol./l. of HPO, , for at pH 7-4 H,PO, is 
almostentirely ionizedas HPO, and H,PO, in the propor- 
tions of 4:1. Ifthe third dissociation constant of phosphoric 
acid is of the order of 10-!* (Sendroy & Hastings, 1926-7) 
only about 1/100,000 of the H,PO, in a solution at pH 7-4 
can be ionized as PO, . Holt, La Mer & Chown (1925) 
estimated that about 7 p.p.m. of the inorganic phosphate of 
serum are present in this form, so that the concentration of 
PO, is of the order of 10-* x 7 x 10-®, or about 10-®m. 
Holt et al. (1925) found that the stoicheiometric solubility 
product for Ca,(PO,). in a solution having the same salt 
concentrations as serum was 10-*7?, and Logan & Taylor 
(1937) and Kuyper (1945) have also reported values of the 
order of 10-* (the concentrations being expressed in mol./1.). 
The medium A 1 was made to contain 3 x 10-m-P, compared 
with 1-3 x 10-* in serum and extracellular fluids. As its pH 
was also 7-4, its PO, concentration may be presumed to 
have been about twice that of serum, i.e. about 2 x 10-®m. 
This, with 2-5 x 10-?m-Ca**, would make the ionic product 
[Ca*t} x [PO, ]}? =(2-5 x 10-3) x (2 x 10-8)®, of the order 
of 10-*4, so that, like extracellular fluids, the medium A1 
should have been highly supersaturated with respect to 
Ca,(PO,).. This salt does not, however, appear to be readily 
precipitated from such solutions. Holt et al. (1925) and 
Greenwald (1942) pointed out that it could be formed in one 
stage only by a reaction of the fifth order, and Bassett (1917) 
found that Ca,(PO,), could not exist in contact with an 
aqueous phase at pH 7-4. 

Asinmedium AIthe predominant phosphateionisHPO, , 
at a concentration of approx. 2-4 x 10-*M, the ionic product 
[Ca**] x [HPO,] in this medium is 2-5 x 10-3 x 2-4 x 10-3 
=6 x 10-*, which is also the value of the same product in 
media A 2andC. Thisis about 10'* times greater than theionic 
product for Ca,(PO,),. Shear & Kramer (1928) suggested 
that CaHPO, was the most likely substance to be pre- 
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cipitated, and that even when such solutions were apparently 
supersaturated with respect to Ca,(PO,), they might remain 
stable unless precipitation of CaH PO, occurred. This suggests 
that in practice the amounts of Ca and phosphate which can 
be included in the same solution may be limited by the 
(stoicheiometric) solubility product of CaHPO,, which, 
according to Shear & Kramer (1928), is of the order of 
3 x 10-6 at 38° in a solution of the same ionic strength as the 
body fluids (the concentrations being expressed in mol./1.). 
If this figure is accepted, the Ca-containing media, which had 
an ionic product of 6 x10-*, would seem to have been 
slightly supersaturated with respect to CaHPO,, but they 
were found to be stable. It was, however, found impossible 
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to incorporate a corresponding amount of CaCl, in the 
solution used by Cutting & McCance (1946a) at pH 7-4 
without a dense precipitate forming immediately. As their 
solution contained 10-? mol. P/l., the ionic product would 
have been of the order of 2-5 x 10-3 x 8 x 10-3, or 2 x 10-5, 


I wish to thank Prof. R. A. McCance for suggesting the 


problem, for continued interest, and for invaluable assistance _ 


with the presentation of the results; Dr G. D. Greville, who 
kindly read the manuscript and made a number of helpful 
suggestions; and the Governing Body of Emmanuel 
College for making it financially possible for me to work in 
Cambridge. 
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A review of the literature on the estimation of 
chloroform, carbon tetrachloride and _trichloro- 
ethylene is given by Daroga & Pollard (1941) and by 
Habgood & Powell (1945). The methods employed 
depend upon (i) pyrolysis of the halogen compound 
and absorption of the resulting gases in alkali or 
alkaline reducing agents, or (ii) hydrolysis by boiling 
alkali—followed in each case by the estimation with 
silver nitrate of the halide ion produced—or (iii) the 
measurement of the colour formed in the upper layer 
on heating solutions of these substances in an inert 
solvent with pyridine and a solution of sodium 
hydroxide of such a concentration as will form a two- 
phase system, a reaction first described by Fujiwara 
(1914). Of these the third has been most extensively 
used in recent years. Daroga & Pollard (1941), after 
a very thorough investigation of the conditions, 
developed the method for the estimation of chloro- 
form and carbon tetrachloride in acetone solution, 
whilst Habgood & Powell (1945) used it to estimate 
these and also trichloroethylene dissolved in toluene. 

Since 1944 further papers have appeared which 
have, however, added little to the technique of the 
colour development process devised by these authors. 
Webb, Kay & Nichols (1945) defined optimum con- 
ditions for colour development with standard ace- 
tone solutions of various halogen compounds, and 
recorded minimum concentrations of each which 
they could detect, but gaveno details of their method. 
Rogers & Kay (1947) recorded the use of a single- 
phase reagent for carbon tetrachloride prepared by 





shaking pyridine with 15 % (w/v) sodium hydroxide, 
separating the upper layer, and diluting somewhat 
with water. Colour development was brought about 
by heating 10 ml. of this reagent with 5 ml. of an 
acetone solution of carbon tetrachloride at 70° for 
15 min. The reagent deteriorated on keeping and the 
method appears to offer no special advantage. 

In connexion with an investigation of the use of 
trichloroethylene in midwifery by one of us, it was 
necessary to determine as accurately as possible the 
concentration of this drug in maternal and foetal 
blood when only at an analgesic level, bearing in 
mind that, as the volume of foetal blood available 
for estimation would be no more than a few milli- 
litres, the amount of drug to be estimated would be 
extremely small. To this end the method of Habgood 
& Powell has been reinvestigated to determine its 
applicability, using only 1 ml. blood samples at 
low trichloroethylene concentrations. Unexpected 
difficulties arose and the method of colour develop- 
ment has consequently been considerably modified. 

Three methods have been recorded for the recovery 
of chlorohydrocarbons from blood for the purpose of 
estimation. Habgood & Powell (1945) steam-dis- 
tilled the blood sample and collected trichloro- 
ethylene in toluene; Kulkarni (1944) swept out 
chlorohydrocarbons into ice-cold pyridine by means 
of a stream of air, and, since the present work was 
concluded, Burgen (1948) has claimed considerable 
advantages for a method utilizing the Conway 
microdiffusion technique with an accuracy of +5% 
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for chloroform; no recovery figures are quoted for 
trichloroethylene. We have found the steam-dis- 
tillation method to give excellent results with a 
modified form of the apparatus described by 
Habgood & Powell. 


EXPERIMENTAL 


In Habgood & Powell’s (1945) method of estimation, toluene 
extracts of trichloroethylene were heated with pyridine and 
20% (w/v) NaOH. After cooling and separating the alkali 
the coloured solution, which was turbid, was cleared by 
diluting with water to 15 ml.; at times it was necessary to 
add more water, in which case the final volume was noted and 
a correction made. The present work has shown that it is not 
always possible to disperse the turbidity completely in this 
way, and in any case it is doubtful whether, in a method 
dependent entirely on arbitrary conditions, such a variation 
in the composition of the solution is justifiable. Further, 
whereas the colour obtained was mostly the orange-red 
described by Habgood & Powell, there appeared not in- 
frequently a bluish red tint which persisted for several hours. 
Burgen(1948) has also referred to the muchsmallerextinction 
given by trichloroethylene compared with CHCl, when 
determined by this method, though the two substances 
appear to give much the same colours in qualitative tests 
using the Fujiwara (1914) reaction. Moreover, the method 
also entailed the quantitative separation of the coloured 
layer from the alkali, a process at best of doubtful efficiency. 
The conditions of colour formation have therefore been 
reinvestigated with the following conclusions. 

(1) Increase in the concentration of NaOH decreased the 
rate of colour formation, but eliminated the turbidity with 
solutions of concentration at least 7m. With 10mM-NaOH no 
colour resulted unless the two layers were mixed by shaking 
or stirring during heating. (2) A high ratio of pyridine to 
toluene, or other organic solvent, led to the rapid formation 
of the orange-red colour, whereas a low ratio resulted in the 
slow formation of the blue-red colour. (3) The blue-red 
colour faded very rapidly in sunlight, but was stable in 
subdued daylight and in artificial light. (4) Anisole, of a 
limited number of solvents tried, appeared to be preferable 
to toluene. (5) Very high alkali concentration inthe pyridine, 
resulting from the use of 2M-tetraethylammonium hydroxide, 
caused a blue colour of high extinction to appear slowly in 
the cold. This only attained maximum intensity in about 
1 hr. and was rapidly changed to the orange-red on gentle 
warming. 

In accordance with these findings the method of colour 
development described below was adopted. 


Materials 


Pyridine. ‘Pure anhydrous’ or A.R. pyridine was dried 
over KOH (sticks) and redistilled. Lower grade pyridine 
should be avoided. 

Anisole was washed twice with dilute NaOH, three times 
with water, dried over anhydrous CaCl, and redistilled. 

Sodium hydroxide. Approx. 45% (w/v) NaOH was 
standardized with acid and then diluted to 10M. 

Tetraethylammonium hydroxide reagent was prepared 
by adding to 10m-NaOH sufficient of the quaternary 
hydroxide solution to make it 0-025 with respect to that 
base. 
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Apparatus 


In the early stages of the recovery of trichloroethylene 
from blood by steam distillation, using the apparatus of 
Habgood & Powell (1945), much air will inevitably escape 
somewhat rapidly through the absorbing liquid until thermal 


equilibrium is attained within, and in the present work there 


Steam = 


de 






Anisole 


Sat K,CO,; 


Fig. 1. Apparatus for the estimation of 
trichloroethylene in blood. 


was evidence that a small amount of trichloroethylene could 
be lost during this period. To overcome this difficulty a some- 
what more elaborate absorption apparatus has been devised 
and incorporated as receiver in place of the calibrated 
cylinder employed by Habgood & Powell (Fig. 1). The 
dropping funnel used to contain water with which to wash 
down the inside of the condenser has also been replaced by 
a Quickfit B 19 socket and stopper. This apparatus, in which 
the effluent air was washed through two lots of anisole which 
could be mixed prior to sampling, had two chambers; 
A (25mm. internal diam., 20 cm. long and about 90 ml. 
capacity) joined by 6 mm. tubing and a stopcock (C, 5 mm. 
bore) to B (12 mm. internal diam., 12 em. long and about 
20 ml. capacity). A and B terminated in B19 and B14 
ground sockets respectively.’ A side tube (D, 3 mm. diam.) 
left A at a point approx. 5 em. down the side, passed through 
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the wall of B and was bent and drawn off to a jet of 1 mm. 
diam. to forma bubbler within B. A was graduated toindicate 
when approx. 40 ml. of distillate had collected. 


Method for blood analysis 


The tap C was freed from grease and lubricated with 
a little Aquadag, the surplus of which was removed by 
running water through the apparatus whilst rotating the tap 
until the water discharged was no longer darkened. The dead 
space between A and B, comprising the whole of the 6 mm. 
tube and the tap C, was filled via B with saturated K,CO, 
solution and C was closed. The volume of this solution should 
not be less than 5 ml. and any surplus over that required to 
fill the dead space was allowed to collect in A. The K,CO, 
solution also ensured, by increasing the otherwise very slight 
difference of density between the aqueous and anisole layers, 
that the latter remained on top throughout the distillation 
and facilitated its rapid separation after mixing. Exactly 
9 ml. (later reduced to 8 ml.) of anisole were run in, of which 
roughly 3 ml. went into B and the rest into A, and the 
apparatus, surrounded by ice water, was then attached by 
a rubber stopper to the condenser of the steam-distillation 
apparatus so that the end of the condenser dipped almost to 
the bottom of the anisole in A. 

The blood sample was measured from a 1 ml. blood pipette 
(which had been calibrated by weighing blood of known 
density delivered from it) into a 250 ml. round flask with 
standard B 24 ground neck, and diluted with 50 ml. distilled 
water as described by Habgood & Powell (1945). A few drops 
of tri-n-butyl citrate were added to control frothing and the 
flask attached to the distillation apparatus. The stopper at 
the top of the condenser was wetted with water and replaced, 
and steam was passed slowly through the flask until air 
ceased to be expelled through the solvent in B, after which the 
distillation was allowed to proceed rapidly until 40 ml. of 
distillate had collected. The absorption apparatus was then 
detached and the condenser washed down inside (via the 
socket at the top) and outside with distilled water which was 
allowed to drain into A. A and B were stoppered, the tap C 
opened and the contents of B run into A as completely as 
possible; with C now closed the whole contents of A were 
mixed thoroughly by inversion. Part of the anisole was then 
transfered to B via D by loosening the stoppers and tilting 
the apparatus. B was rinsed and the anisole returned to 
A via C and remixed. This rinsing operation was repeated 
twice, and after a final mixing the two layers were allowed to 
separate completely in A. 


Colour development 


The anisole solution of trichloroethylene (5 ml.) was added 
to dry colourless redistilled pyridine (5 ml.) and 10mM-NaOH 
(3 ml.)ina6 in. x ? in.Pyrex test tube which wasimmediately 
placed in a boiling water bath and the mixture stirred 
mechanically for 10 min. at such a rate as to ensure thorough 
mixing of the two layers. This and subsequent operations 
had to be carried out in subdued daylight or in artificial light 
since bright sunlight caused rapid fading of the colour. The 
water bath was then removed and exactly 1 ml. of tetra- 
ethylammonium hydroxide reagent added to the mixture. 
Stirring was continued for exactly 1 min. and the tube 
removed and thoroughly cooled. The two layers separated 
rapidly and the upper pyridine layer, which was invariably 
free from turbidity, was removed by a pipette which had 
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been swept out with CO,-free air, and delivered into a 1 em. 
absorptiometer cell by admitting CO,-free air to the pipette. 
Ten minutes prior to use, 0-5 ml. of 10m-NaOH had been 
placed in the cell and covered with a vaselined slide 
which was replaced after transferring the solution. The 
colour intensity was measured immediately with a Spekker 
photoelectric absorptiometer using a water cell in com- 
parison and Ilford spectrum blue-green filter no. 603. The 
colour, which was a bright cherry-red (absorption being 
mainly in the yellow with some general absorption in the 
green of the spectrum) began to fade in subdued light after 
about 20 min., allowing ample time for a series of readings to 
be taken. The first reading of a series was sometimes a trifle 
low. 
Calibration of the absorptiometer 


Standard solutions of trichloroethylene were prepared as 
follows. The mean weight (W), of anisole delivered by the 
5 ml. pipette reserved for this solvent was determined. 
A sealed thin-glass ampoule containing about 80 mg. of 
trichloroethylene, accurately weighed, was broken under 
a known weight of anisole in a stoppered bottle and the 
solution thoroughly mixed; this primary standard was then 
broken down in steps by weight until a solution was obtained 
containing exactly 0-l10mg. of trichloroethylene/W g. 
solution. From this, substandards were prepared by dilution 
by volume, using always the same pipette for both tri- 
chloroethylené solution and pure anisole. Samples (5 ml.) 
of each substandard solution were submitted to the colour 
development process described above, and duplicate Spekker 
readings so obtained are recorded in Table 1. As these gave 
good agreement at all concentrations tested a more extended 
series was not considered necessary. The absorptiometer 
readings (S) and trichloroethylene concentration in mg./5 ml. 
anisole (7') were strictly proportional up to a concentration 
of at least 0-10 mg./5 ml., as was shown by plotting, and 
obeyed the relationship 7’ =0-1434S8. The values of S 
calculated from this for each value of 7 are included in the 
last column of Table 1. 


Table 1. Calibration of Spekker photoelectric absorp- 
tiometer using standard solutions of trichloroethylene 


in anisole . ; 
Spekker readings (S) 


Trichloro- ——— —~ 
ethylene Found 
(mg./5 ml. Calc. from 
anisole, 7’) (i) (ii) Mean 7=0-14348 
0-100 0-699 0-699 0-699 * 0-697 
0-075 0-518 0-526 0-522 0-523 
0-050 0-347 0-353 0-350 0-349 
0-040 276 0-280 0-278 0-279 
0-025 0-175 0-175 0-175 0-174 
0-013 0-092 0-092 0-092 0-093 
Nil 0-002 0-002 0-002 0-000 
RESULTS 


Anticipating a variation of recovery from blood 
samples, the efficiency of the method was first tested 
by distilling 1 ml. of standard anisole solutions of 
trichloroethylene. The results, recorded in Table 2, 
established that the relationship 7'=0-1434S, ob- 
tained with dry anisole standards, applied equally 
well to wet solutions and that recovery was essentially 
complete. 





Table 2. Recovery of trichloroethylene from 
steam-distilled standard anisole samples 


(Volume of standard taken, 0-988 ml. Volume of anisole 
used for absorption, 8 ml.) 


Trichloro- Trichloroethylene recovered 
ethylene (mg.) 
in sample Spekker —__— 
(mg.) readings Mean 
0-175 0-690 0-178 ane 
0-673 0-174} ware 
0-087 0-332 0-086 ‘ 
0-341 0-088 - 
0-044 0-163 0-042) : 
0-169 0-044} 0-043 
Nil 0-006 0-002 6 
0-006 0-002} om 
0-173* 0-675 0-174 — 


* Distilled in the presence of 5 ml. blood. 


Table 3 records the recovery of trichloroethylene 
from standard solutions in blood in the preparation 
of which the following routine was observed. 


Table 3. Recovery of trichloroethylene from 
standard solutions in blood 


(Volume of standard taken, 0-976 ml. Volume of anisole, 
9 ml.) 





Trichloro- Spekker Trichloroethylene recovery 
ethylene readings (mg./ml.) 

concentration ; \ c A + 
(mg./ml.) (i) (ii) (i) (ii) Mean 
0-126 0-483 0-471 0-128 0-125 0-126 
0-063 0-242 0-233 0-064 0-062 0-063 
0-032 0-121 0-118 0-032 0-031 0-032 
0-014 0-058 0-051 0-015 0-014 0-014 


A primary standard was prepared by breaking a thin- 
walled ampoule containing a known weight (30-40 mg.) of 
trichloroethylene under 250 ml. of blood in a stoppered 
bottle which was then mechanically shaken for 8 hr. to 
ensure uniformity. The primary standard was diluted with 
fresh blood in steps by weight and each newly diluted 
solution similarly shaken for 2 hr. Each standard was well 
shaken by hand immediately before sampling and any which 
had stood overnight were shaken mechanically for 15-20 min. 


Table 4. Recovery of trichloroethylene from 
blood stored over a period of 4 days 


(Volume of blood taken, 0-976 ml. Volume of anisole, 
9 ml.) 
Trichloroethylene 
concentration 
(mg./100 ml. 


Time of estimation blood) 


Immediately after drawing 3-89, 3-84 
3 days after drawing 3-94 
4 days after drawing 3-89 


Mean 3°89+0-05 
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In preparation for future work the keeping power 
of standard blood solutions was also investigated, 
and it was shown that such solutions maintained 
their trichloroethylene concentration over a period 
of several days if kept in well-stoppered bottles in 
a cool place. The keeping power is illustrated by the 
typical values obtained with a sample of blood taken’ 
from a patient receiving the drug (Table 4). 


DISCUSSION 


The addition of tetraethylammonium hydroxide was 
rendered necessary by the sensitivity of the coloured 
material to carbon dioxide. The amount of alkali in 
the pyridine-anisole layer was so much reduced by 
the use of 10M-sodium hydroxide that, in the process 
of transferring the coloured layer to the absorptio- 
meter cell, sufficient carbon dioxide was absorbed 
to neutralize it and the blue-red colour, which is 
formed only in alkaline solution, changed to a pale 
yellow. The measures adopted to exclude carbon 
dioxide were taken as additional precautions for the 
same reason. Kulkarni (1944) has also commented 
similarly on the effect of acid fumes. 

Since the final method depended for accuracy on 
the constancy of volume of the pyridine-anisole 
layer, as did that of Daroga & Pollard (1941), it was 
necessary that conditions should be exactly repro- 
duced throughout. Care was therefore taken to 
ensure that there could be no variation in the amount 
of water taken up from the alkali solution by the 
pyridine-anisole layer by using always exactly 
10m-sodium hydroxide which had been checked by 
titration. 

A somewhat simpler procedure for colour develop- 
ment was also investigated in which the pyridine- 
anisole solution and alkali were not stirred during 
heating. This gave reproducible absorptiometer 
readings proportional to the trichloroethylene con- 
centration up to about 0-05 mg./5 ml. anisole, but 
above this the absorption varied considerably from 
one estimation to another and was always too large 
to fit the proportionality of the lower concentrations. 
Suchsolutions were invariably more bluethannormal, 
implying that, with greater amounts of trichloro- 
ethylene, some probably escaped reaction until the 
addition of the tetraethylammonium hydroxide re- 
agent, thus leading in part to the formation of the 
highly absorbing blue compound mentioned above. 
For this reason mechanical stirring was adopted. 


SUMMARY 


1. New conditions have been described for the 
quantitative production of the coloured compound 
from trichloroethylene and pyridine in the presence 
of alkali. 
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for the absorption of trichloroethylene distilled from 
blood in steam. The apparatus could be used for 
the recovery of traces of other volatile liquid com- 
pounds. 

3. It has been shown that the concentration of 


2. A more efficient apparatus has been described 
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trichloroethylene in approximately 1 ml. blood 
samples can be estimated to the nearest pg. at con- 
centrations between 1 and 12 mg./100 ml. 


Our thanks are due to Messrs British Industrial Solvents 
Ltd. for the gift of tri-n-butyl citrate. 
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Vitamin P. 3 


By S. S. ZILVA 
(Member of the Scientific Staff, Medical Research Council), Lister Institute, London, S.W. 1 


(Received 28 January 1949) 


As a result of some clinical experiments on certain 
pathological conditions characterized by increased 
permeability of the capillary walls, Armentano, 
Bentsath, Béres, St Rusznyék & Szent-Gyérgyi 
(1936) and St Rusznyék & Szent-Gyérgyi (1936) 
formulated the theory of the existence of a substance 
called ‘ vitamin P’ capable of increasing the resistance 
of the capillaries. They arrived at this conclusion 
because the permeability cither to the whole blood 
(vascular haemorrhagic purpura) or to plasma 
protein only (various septic conditions) in their 
patients was decreased by treatment with extracts 
of Hungarian red pepper, lemon juice or fractions 
obtained from these extracts. On the other hand, 
L-ascorbice acid according to them was ineffective. 
This hypothesis was next claimed to be substantiated 
by experiments on guinea pigs by Bentsath, 
St Rusznyék & Szent-Gyérgyi (1936, 1937). As the 
data obtained with the guinea pigs did not appear 
convincing, the writer (Zilva, 1937a, b) repeated the 
experiments and showed that the results obtained 
by Szent-Gyérgyi et al. with these animals did not 
justify the interpretation placed on them. Moll 
(1937), Detrick, Dunn, McNamara & Hubbard (1940), 
McHenry & Perry (1940) and even Szent-Gyérgyi 
(1938), on repetition of his own experiments, arrived 
at a similar conclusion. 

In spite of the negative character of the above 
investigations a claim that a ‘vitamin P’ deficiency 
could be demonstrated by the ‘capillary resistance’ 
technique in guinea pigs was made by Zacho (1939). 
This procedure had been tried for a number of years 
by many workers to demonstrate vitamin C 


deficiency in man, but no agreement had been 
reached as to the reliability of the test for this 
purpose. Zacho, however, claimed that when 
negative pressure was applied to the lumbar region 
on each side of the spine of albino guinea pigs after 
the removal of the hair, the pressure necessary to 
produce petechiae in scorbutic animals in the ‘latent 
stage’ and more so in the ‘manifest stage’ of scurvy, 
was lower than that which produced a similar 
response in normal guinea pigs. Furthermore, when 
L-ascorbic acid was administered to the animals in 
this condition, the ‘capillary resistance’ rose but 
did not reach the normal level. The normal ‘capillary 
resistance’ could only be attained when ‘citrin’ 
(Szent-Gy6érgyi’s ‘vitamin P’) prepared from rose 
hips was given either orally or intraperitoneally. 
Several workers (St Rusznyék & Benk6, 1941; 
Bacharach, Coates & Middleton, 1942; and others), 
also using the negative pressure technique, arrived 
at a conclusion similar to that of Zacho. Zacho’s 
work called for repetition, and it is the purpose of 
this communication to record some representative 
results obtained by the writer, which demonstrate 
the difficulty of obtaining reproducible or significant 
results by these methods. 

An experiment was also performed with maclurin 
because of the claim made by Lavollay (1944), 
Parrot & Lavollay (1944) and Javillier & Lavollay 
(1946) that a single dose of any of a number of 
substances, not all chemically related to ‘citrin’, is 
capable of raising the ‘capillary resistance’ in 
guinea pigs as manifested by Zacho’s negative 
pressure technique. This, according to them, is due 
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to the preventive action all these compounds 
exercise on the oxidation of adrenalin. Maclurin 
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is one of these substances (Lavollay, 1947). 


METHODS 


Growing albino guinea pigs were employed in all the experi- 
ments and were kept on the following basal diet (% by wt.): 
bran, 24; barley meal, 16; weatings, 21; fishmeal, 8; oats 
(crushed), 26; salt mixture; 5; water, ad lib. On this diet the 
animals develop haemorrhages and other signs characteristic 
of the syndrome of scurvy not longer than 15 days after 
being placed on the diet, and succumb to the disease 10-15 
days later. 

The ‘capillary resistance’ was assessed by measuring the 
lowest negative pressure required to produce petechiae. This 
procedure was carried out as follows. A glass tube (6 mm. in 
internal diam.), connected to a mercury manometer and 
a large reservoir, which in turn was connected to a water 
pump, was applied to the closely clipped lumbar region of 
the firmly fixed animals. The test area was greased with 
arachis oil 30 min. before the test. The suction was controlled 
by means of a screw clip, and could be held at any desired 
value to within + 0-25 em. The negative pressure was raised 
in stages on a particular spot and the highest pressure 
maintained for 10 sec., which did not produce petechiae, 
was taken as the end point. After some exploratory tests, 
carried out on different parts of the lumbar region on both 
sides of the spine of each experimental animal, the actual 
measurements were begun a few days later, starting at a 
suitable spot with the pressure which previously just failed 
to give the reaction, and this was repeated on subsequent 
occasionsevery few days during the course ofeach experiment. 
When on repetition of the test the original spot gave a 
positive reaction, lower pressures were tried at different 
places as near as possible to the original area. It is, however, 
important to mention that in the same animal the lowest 
negative pressure required to produce petechiae varied, 
sometimes very considerably, not only with the side of the 
animal but with the place of measurement on the same side 
of the spine, thus yielding results of no high accuracy. It was 
found that temperature within the limits of 15—20° did not 
influence the readings. 

The maclurin, which was kindly presented by Prof. 
J. Lavollay, was dissolved in sodium bicarbonate, diluted 
with saline to a concentration of 1 mg./ml. and injected 
intraperitoneally. 


RESULTS 


The experimental work deals with the influence on 
the ‘capillary resistance’ of guinea pigs of: (1) the 
scorbutic diet; (2) the scorbutic diet supplemented 
with (a) a daily dose of 5 mg. of L-ascorbic acid, or 
(6) cabbage ad lib.; and (3) the injection of maclurin 
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into animals on (a) basal diet, (b) basal diet supple- 
mented by ascorbic acid, and (c) basal diet supple- 
mented by cabbage ad lib. 

In the experiments with maclurin the negative 
pressure measurements were made immediately 
before, and 2 and 24 hr. after the injection of the 


maclurin. The measurements after the injection 


were carried out as near as possible to the spot used 
before treatment. 

The figures obtained in this investigation appeared 
to the writer to show plainly that they did not 
confirm Zacho’s findings, but at the suggestion of the 
Editor the results were submitted to a statistical 
analysis and the figures are incorporated in Tables 
1 and 2. 

Effect of scurvy-producing diet and of L-ascorbic 
acid. It will be seen from Fig. la-f, and Table 1 
(Group 1) that six animals (about 300 g. body weight) 
on the basal diet showed only a small decline in 
‘capillary resistance’, even after 22 days: at this 
time the animals were suffering from well-developed 
scurvy. In the same experiment a group of six 
animals received the basal diet supplemented by 
a daily dose of 5 mg. L-ascorbic acid (administered 
after the removal of the cabbage). These animals 
(Fig. 1g-l, and Table 1, Group 2) gave petechiae with 
lower negative pressure, mostly on one side only. 
The statistical treatment of these results by Student’s 
t test, the results of which are given in Table 1, 
shows that the fall in ‘capillary resistance’ after 
21 days was just significant (P=0-05) in Group 2 
but not in Group |. 

A third group of six guinea pigs received the basal 
diet plus cabbage ad lib. for 7-9 days and thereafter 
the basal diet plus L-ascorbic acid (5 mg./day). Over 
the cabbage-supplemented period there was a just 
significant fall in ‘capillary resistance’, and over the 
ascorbic acid period of 25 days there was a rise 
(Table 1, Group 3), which, however, was not 
significant. 

A fourth group of six guinea pigs received the basal 
diet and cabbage ad lib. over the whole of the 
experimental period (7—9 days plus 25 days). These 
animals showed a just significant fall in ‘capillary 
resistance’ over the first part of the period, but a 
significant rise over the second part (Table 1, 
Group 4). 

These results are difficult to interpret, except as 
a demonstration of the unreliability of the method, 
at least in the author’s hands. However, the results 
claimed by Zacho are clearly contradicted—scor- 
butic animals showed no fall in ‘capillary resistance’ 
and administration of L-ascorbic acid even produced 
a fall in the author’s experiments, in contrast to 
a rise in Zacho’s experiments. 

Effect of maclurin. Experiments on the effect of 
maclurin were carried out with three guinea pigs of 
Group | and three of Group 2, a single injection being 
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given and observations made 2 and 24 hr. afterwards. 
The injections were repeated after an interval of 
5 days. The results are shown in Fig. la-c, g-i for 
individual animals and in Table 2 for the groups. 
Another group of eleven animals (Group 5), about 
200 g. body weight, maintained on the basal diet 
with cabbage ad lib. wassimilarly injected. Student’s 
t test could not be applied to this case as duplicate 
observations have been made on the same animals. 
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CONCLUSIONS 


According to Zacho (1939) the negative pressure 
required to produce petechiae in guinea pigs on 
a scorbutic diet falls fairly rapidly and reaches the 
lowest value when the animals show distinct signs 
of scurvy. It is evident that the above results do not 
confirm Zacho’s observation. A particularly striking 
feature of these experiments is that the animals 


Table 1. Effect of diet on ‘capillary resistance’ of guinea pigs: statistical analysis of results 


(Measurement of negative pressures expressed as cm. Hg.) 


Beginning of 
preliminary No. of days on diet 
period 7-9 days =_————_+——__, 
on cabbage 0 5 16-18 21 25 Columns 
Diet and description of experiment ad lib. B Cc D E F compared ¢ FP 
A 
Group 1: basal diet alone Mean — 34:0 325 304 266 — BC 0-28 0-7-0-8 
(see Fig. 1) $.D. aaa — 85 101 89 166 — BD 0-72 0-4-0-5 
No. of animals ... — 6 6 6 3 _— BE 0-90 0-4 
Group 2: basaldiet +5mg. Mean — 36-1 34:2 263 22:0 — BC 0-42 0-6-0-7 
L-ascorbic acid daily $.D. <a — 84 72 109 57 — BD 1:75 0-1-0-2 
(see Fig. 1) No. of animals ... 6 6 6 3 — BE* 2-56 0-02-0-05 
Group 3: basal diet +5mg. Mean a 20-0 96 10-8 \13-7 — 146 AB* 3-00 0-01-0-02 
L-ascorbic acid daily $.D. eae 7-6 39 28 #79 =— 42 BC 0-61 0-5-0-6 
(not in Fig. 1) No. of animals ... 6 6 6 6 _ 6 BD 1:15 0-203 
BF 2-15 0-05-0-1 
Group 4: basal Mean Pa 13-8 79 73 93 — 108 ABt 2-95 0-01-0-02 
diet + cabbage ad lib. S.D. ag 4-1 15 23 07 — 15 AF 167 0-1-0-2 
No. of animals ... 6 6 6 6 — 6 BD 2:05 0-05-0-1 
BFt 3:38  <001 
* Denotes significant fall. Denotes significant rise. 
Table 2. Effect uf injecting 1 mg. of maclurin on the ‘ capillary resistance’ of guinea pigs 
(Measurement of negative pressures expressed as cm. Hg.) 
Before 2hr. after 24 hr. after 
injection injection injection Columns 
Diet and description of experiment A Cc compared t ¥ 
Group 1: basal diet alone (see Fig. 1) Mean 27-5 36-7 39-2 — — — 
(3 animals injected twice) S.D. 9-4 8-5 8-2 — — — 
Group 2: basal diet +5 mg.L-ascorbic Mean 22-5 25-0 26-2 — — — 
acid daily (see Fig. 1) (3 animals s.p. 7-6 12-3 12-8 — — _— 
injected twice) 
Group 5: basal diet + cabbage ad lib. Mean 21-1 29-8 29-5 ABT 2-17 0-05 
(young guinea pigs, about 200g.) —s.D. sca Oe 11-9 11-5 ACT 2-16 0-05 
No. of animals... 11 ll ll — — —_— 
Group 5: (same young animals in- Mean 17-0 19-5 20-3 AB 0-67 0-5 
jected again after 5-11 days) S.D. aw 20 9-4 9-5 AC 0-88 0-4 
No. of animals... 10 10 10 _— — — 


+ Denotes significant rise. 


The author, nevertheless, is of the opinion that the 
figures give the impression that in spite of the 
imperfection of the technique it would not be 
justifiable to dismiss the possibility that the negative 
pressure required to produce petechiae tended to 
increase after the injection of 1 mg. of maclurin. 
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which subsisted on the basal diet alone for 22 days 
at a time when the characteristic syndrome of 
scurvy, including extensive haemorrhages, is present 
in a very acute form showed no significant decline in 
the ‘capillary resistance’. Nor could a significant 
fall in the ‘capillary resistance’,-similar to that 
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Fig. 1. Effect of diet and of the injection of 1 mg. of maclurin on the ‘capillary resistance’ of guinea pigs. + =injection of 12 
1 mg. of maclurin dissolved in 1 ml. saline containing 0-08 ml. of saturated NaHCO,. A =‘ capillary resistance’ 2 hr. Lave 
after injection. B=‘ capillary resistance’ 24 hr. after injection. ©—@ =measurements on the right-hand side of the Lave 
spinal cord. x — x =measurements on the left-hand side of the spinal cord. de 
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obtained by Zacho under these conditions, be 
registered in the case of the guinea pigs receiving 
L-ascorbic acid. 

The results of this investigation, however, suggest 
that after the intraperitoneal injection of 1 mg. of 
maclurin there may be a transient rise in the 
‘capillary resistance’. This observation therefore 
tends to confirm that made by the French workers 
that a number of compounds, not all chemically 
related to ‘citrin’ and including maclurin and 
L-ascorbie acid, is capable of raising the ‘capillary 
resistance’ (cf. Lavollay, 1944; Javillier & Lavollay, 
1946). As has already been pointed out, however, 
this rise occurs not only in guinea pigs subsisting on 
a scorbutic diet with or without L-ascorbic acid but 
also in animals consuming a mixed diet with cabbage 
ad lib., a fact already established by Lavollay (1944). 
This worker, nevertheless, is of the opinion that the 
consumption of a scorbutic diet by guinea pigs is 
capable of lowering their ‘capillary resistance’, which 
can subsequently be raised by the administration of 
L-ascorbic acid. On the other hand, he asserts that 
‘L’hypothése de Szent-Gyérgyi suivant laquelle les 
hémorragies du scorbut expérimental seraient 
spécifiquement l’effet d’une carence en vitamine 
P n’est pas vérifiée par l’expérience’ (Lavollay, 
i945).* The present results do not suggest that the 
cause of the rise in the ‘capillary resistance’ after the 
injection of the maclurin is due to a rectification of 
a dietetic deficiency but rather to a pharmacological 
effect (probably a direct or indirect constrictive 
action) of these compounds on the capillaries. 
A more satisfactory technique such as that used by 
Lee & Lee (1947), which consists of the microscopic 
study of the peripherai vascular system in guinea 

* Prof. Lavollay informs me that since 1945 he has 
referred to these substances as ‘substances antifragilité 
vasculaire’ and not as ‘vitamin P’. 
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pigs under local anaesthesia, might throw more light 
on the full significance of these observations. 

The above results, taken in conjunction with a 
critical perusal of the literature, show that there is 
no sound reproducible evidence which would justify 
the assumption of the existence of a dietetic factor 
essential for the maintenance of the capillary 
strength, the hypothetical vitamin P, the absence of 
which from the diet is, it is claimed, connected with 
the production of the syndrome of scurvy. 


SUMMARY 


1. The observation made by Zacho that the 
negative pressure necessary to produce petechiae in 
guinea pigs declines fairly rapidly when the animals 
are placed on a scorbutic diet is not confirmed. 

2. Indications have been obtained that when 
maclurin is injected intraperitoneally into normal 
and scorbutic guinea pigs there is a transient rise in 
the negative pressure necessary to produce petechiae. 
It is assumed that this is solely due to a pharmaco- 
logical effect and not to a rectification of a dietetic 
deficiency. 

3. It is concluded that there is no sound evidence 
which would justify the assumption of the existence 
of an essential dietetic factor (‘vitamin P’) which is 
capable of influencing the capillary strength and that 
the syndrome of scurvy is produced by the absence 
from the diet of no factor other than L-ascorbic acid. 


Thanks are due to Prof. Jean Lavollay for kindly supplying 
me with a specimen of maclurin and for instructing me in the 
practice of Zacho’s negative pressure technique of which he 
has much experience. I am grateful to various colleagues 
who helped me with the carrying out of the tests and with 
their independent reading of the results. I am also indebted 
to Dr W. L. M. Perry for help in the interpretation of the 
statistical analysis of the results. 
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The Micro-estimation and Origin of Methylamine 
in Mercurialis perennis L. 


By B. T. CROMWELL, Department of Botany, University College, Hull 


(Received 31 January 1949) 


The occurrence of methylamine in the tissues of 
higher plants appears to be very restricted. Schmidt 
(1878) isolated this amine from the shoots of 
Mercurialis perennis and M. annua. Trier (1912) 
reported the presence of methylamine in the rhizome 
of Acorus calamus, and Wakeman (1925) showed 
that it was present in the root of Leptotaenia dissecta. 
Other workers have shown that methylamine may 
be produced as the result of bacterial action on 
amino-acids and nitrogenous bases. Thus Acker- 
mann & Schiitze (1910, 1911) found methylamine 
in cultures of Chromobacterium prodigiosum (Serratia 
marcescens) on potato, and Hasebroek (1887) ob- 
tained this amine from anaerobic putrefaction of 
choline. Emmerling & Reiser (1902) isolated methyl- 
amine from cultures of Pseudomonas fluorescens 
liquefaciens on gelatin. Guggenheim (1940) gives 
references to papers reporting the occurrence of 
methylamine in algae. In animal tissues Kohn (1931) 
found methylamine as an intermediate in the de- 
gradation of glycine in the liver and Ratner, Nocito 
& Green (1944) showed that the glycine oxidase of 
pig kidney catalyses the oxidation of sarcosine to 
methylamine and glyoxylic acid. Klein & Steiner 
(1928) assessed the production of methylamine in 
Mercurialis annua and M. perennis by means of the 
dinitro-«-naphthol derivative, but up to the present 
time a specific method for the accurate estimation of 
small amounts of methylamine in plant tissues does 
not appear to have been developed. The aim of the 
present work was to devise a sensitive and specific 
method for the estimation of very small quantities 
of methylamine and to study the mode of production 
of this base in M. perennis by the infiltration of 
possible precursors into the leaves. 


EXPERIMENTAL AND RESULTS 


The isolation of methylamine from 
tissues of Mercurialis perennis 


Flowering shoots (15 kg.) were harvested over a period 
of 17 days in batches of 1 kg.; each kg. was divided 
into portions of 50g. which were immersed in ether for 
10 sec., the ether allowed to evaporate and the material 
minced for 5 min. in a Waring blender with 100 ml. distilled 
water acidified to pH 4-5 with 0-01N-HCl. The mince was 
filtered through fine muslin and as much liquid as possible 
removed from the cell debris by squeezing. The filtrates from 


each portion were combined, rapidly heated to 80° to 
coagulate protein and centrifuged. The supernatant was 
treated with excess of Mg(OH), and steam-distilled into 
0-1N-HCl (25 ml.) until 100 ml. of distillate had passed over, 
This procedure was repeated until 15 kg. of material had 
been extracted. NH, was removed at pH 7-4 from the 
combined distillates (1875 ml.) by the method of Francois 
(Pugh & Quastel, 1937), the filtrate from the Frangois 
separation treated with excess of Mg(OH), and distilled into 
50 ml. of a solution of picrolonic acid (70 mg.) in ethanol. 
The picrolonate solution was concentrated to small bulk and 
allowed to crystallize. After two recrystallizations from 
aqueous ethanol, 35mg. of picrolonate was obtained 
which melted at 242° (decomp.). The melting point of an 
authentic specimen of methylamine picrolonate was 243° 
(decomp.); mixed m.p., 242°. (Found: N, 23-50, calc. for 
CH,;N.C,,H,O;N,: N, 23-73%.) 


The micro-estimation of methylamine 


Methylamine reacts quantitatively with ninhydrin in acid 
solution to give formaldehyde and NH;. Glycine and 
N-methylethanolamine also react with ninhydrin under 
similar conditions to give formaldehyde. In the case of 
N-methylethanolamine, thereactionis presumably due tothe 
splitting off of methylamine. Alexander, Landwehr & Selig- 
man (1945) have adapted this reaction for the estimation of 
glycine in blood by determining the liberated formaldehyde 
colorimetrically with chromotropic acid. The reaction can 
be made specific for methylamine, as this amine is readily 
volatile and can easily be separated from glycine and 
N-methylethanolamine by distillation at low temperature. 
N-methylethanolamine is slightly volatile in steam, but does 
not distil over if the distillation is carried out at a low 
temperature under reduced pressure. For the estimation of 
methylamine in tissues of M. perennis, the method of 
Alexander et al. (1945) for glycine was used with minor 
modifications. The intensity of the reddish violet colour 
given by formaldehyde with chromotropic acid was measured 
with the Hilger Spekker absorptiometer using the Ilford 
spectrum yellow filter. For the calibration curve, pure 
methylamine hydrochloride was used. Leaves (20-50 g.) 
were immersed in ether for 10 sec. and the ether allowed to 
evaporate. The leaves were minced in a Waring blender with 
50-75 ml. distilled water acidified to pH 4-5 with 0-01 N-HCL. 
The mince was filtered through fine muslin, squeezed out, 
and the cell debris washed twice with 10 ml. distilled water. 
The filtrate and washings were rapidly heated to 80°, 
centrifuged, the clear supernatant poured off and the residue 
washed once with 10 ml. distilled water. The extract was 
transferred to a distillation flask, treated with excess of 
Mg(OH), and distilled in vacuo at 40° into 0-01 N-HCl (5 ml.) 
until the volume was 15 ml. To concentrate the methylamine 
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solution further at low temperature, the microdiffusion 
technique of Conway & Byrne (1933) was used. Large dishes 
were constructed from glass capsules of 9-5 and 4-5 cm. 
diameter. A portion (10 ml.) of the distillate was placed in 
the outer chamber and 1 ml. 0-01 N-HClI in the inner vessel. 
Saturated K,CO, (5 ml.) was added to the outer chamber 
and the dishes incubated at 30° for 16-18 hr. The methyl- 
amine solution was transferred quantitatively to a micro- 
distillation apparatus and the estimation carried out as for 
glycine (Alexander et al. 1945). The accuracy of the method 
was tested by adding a known amount of pure methylamine 
hydrochloride to the mince in the Waring blender. An 
average recovery of 95% was obtained. The method is 
sensitive to 3ug. of methylamine. 


Infiltration experiments 


Wild plants of M. perennis and Chenopodium album L. 
were used; C. vulvaria L., Beta vulgaris L. and Atropa bella- 
donna L. were raised from seed. Leaves (20-50 g.) of 
Mercurialis perennis were infiltrated with solutions of nitro- 
genous bases and amino-acids in an attempt to determine the 
source of methylamine in the tissues. Solutions of the bases 
(or their salts) and amino-acids were neutralized (pH 7-0) 
where necessary and made to0-05m. N-Methylethanolamine 
and dimethylethanolamine were prepared by the method 
of Knorr & Matthes (1898, 1901). N-Methylethanolamine 
and dimethylamine hydrochlorides were purified by means 
of the nitroso derivatives, and traces of methylamine found 
in the sample of trimethylamine hydrochloride were removed 
by treatment with nitrous acid and subsequent distillation. 
The vacuum infiltration method of Bjérkstén (1930) was 
employed, and, after infiltration and evaporation of excess 
water, the leaves were kept in a moist atmosphere in darkness 
for 40 hr., after which they were analysed for methylamine. 
In Table 1 the methylamine content of leaves of M. perennis 
removed irom plants in April (plants in flower), June, July 
and August and infiltrated with solutions of nitrogenous 
bases and amino-acids is given. 
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acids, choline, and betaines. Thus trimethylamine 
present in Chenopodium vulvaria (Dessaignes, 1852) 
may arise as a breakdown product of choline, and 
methylamine may be formed as the result of the 
bacterial decomposition of glycine. Although volatile 
amines have been reported as occurring in a wide 
range of plants, their concentration is generally 
found to be low. However, according to Kapeller- 
Adler & Vering (1931) trimethylamine may reach 
500 mg./100 g. dry weight in the red algae Ceramium 
rubrum and Rhodomela subfusca, and for methylamine 
a maximum of 40mg./100 g. dry:weight was recorded 
in the green algae investigated. Up to the present 
time little or no light has been thrown on the precise 
mechanism of formation of methylamine and tri- 
methylamine in plants. Decarboxylation of glycine 
would seem to be the simplest and most obvious 
reaction leading to the formation of methylamine, but 
a glycine decarboxylase has not yet been described 
(Gale, 1948) and infiltration of glycine into the leaves 
of Mercurialis perennis does not lead to a significant 
increase of methylamine. The experiments described 
above show that breakdown of methylethanolamine 
with the formation of methylamine takes place 
readily in the leaves of M. perennis, but they do not 
prove conclusively that the methylamine normally 
found in the tissues is produced from methylethanol- 
amine. These experiments do suggest, however, that 
methylethanolamine is the precursor of methylamine 
even though the mode of fission is not yet known. 
By analogy with the behaviour of choline on heating, 
breakdown may take place with the formation of 
ethylene glycol. 

In the tissues of Chenopodium album, C. vulvaria, 
Beta vulgaris and Atropa belladonna, methylethanol- 
amine does not appear to be broken down with 


Table 1. Methylamine content of leaves of Mercurialis perennis after infiltration 
with various possible precursors 


Methylamine (yg./100 g. wet wt., to nearest ug.) 
ances Nncconeneenes 





———s = 
April 

~ June July August 
Solution infiltrated (1) (2) (3) Mean (Mean value of 2 samples) 
Tap water 40 45 44 43 7 Trace Trace 
Ethanolamine 62 54 55 57 16 Trace Trace 

N-Methylethanolamine 135 146 127 136 93 76 60 

Dimethylethanolamine 46 48 43 46 7 Trace Trace 
Choline (chloride) 46 50 50 49 9 Trace Trace 
Betaine (hydrochloride) 40 44 45 43 8 Trace Trace 
Dimethylamine (hydrochloride) 47 46 43 45 8 Trace Trace 
Trimethylamine (hydrochloride) 46 42 40 43 6 Trace Trace 
Glycine 53 49 50 51 12 Trace Trace 
Sarcosine 42 39 42 41 8 Trace Trace 


DISCUSSION 


In living tissues the lower aliphatic amines are 
generally regarded as fission products of more 
complex nitrogenous substances such as amino- 





liberation of methylamine. If fission does take place 
in these tissues, the methylamine formed must 
immediately be removed. Recent work on the bio- 
synthesis of choline summarized by Jukes (1947) has 
provided strong evidence for the formation of choline 
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by the stepwise methylation of ethanolamine, and 
Artom & Cornatzer (1948) have shown that adminis- 
tration of ethanolamine, methylethanolamine and 
dimethylethanolamine to rats stimulates the forma- 
tion of total phospholipins. In higher plants 
experimental evidence in support of this mode of 
synthesis of choline is lacking. Attempts in this 
laboratory to isolate methylethanolamine from the 
tissues of Mercurialis perennis have so far failed, but 
there is at least presumptive evidence for its existence 
in this plant if the methylamine normally present 
is derived from it. The slight rise in methylamine 
content resulting from infiltration of glycine and 
ethanolamine may be explained on the assumption 
that these substances can give rise to methyl- 
ethanolamine in the tissues. The following scheme is 
put forward to show possible reactions leading to the 
formation of the methylated amines in plants: 





glycine ethanolamine > meth lethanolamine 


ammonia methylamine 


———>-dimethylethanolamine-———>choline 
iL 
dimethylamine trimethylamine 


Choline and betaine act as methyl donors in the 
tissues of the rat (Stetten, 1941; Du Vigneaud, 
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Chandler, Simmonds, Moyer & Cohn, 1946; Du 
Vigneaud, Simmonds, Chandler & Cohn, 1946), but 
one methyl group only is labile. As a result of partial 
demethylation dimethylethanolamine and dimethyl 
glycine are formed respectively. These substances 
cannot act as methyl donors and their breakdown, 
together with that of methylethanolamine and 
sarcosine, involves either the splitting off of the 
methyl group in combination with nitrogen as 
dimethylamine and methylamine; or, in the case of 
dimethyl glycine and sarcosine, oxidative demethyla- 
tion may take place with the formation of formalde- 
hyde and glycine (Handler, Bernheim & Klein, 1941), 


SUMMARY 


1. Methylamine has been isolated from the 
tissues of Mercurialis perennis. 

2. A sensitive and specific micromethod for the 
estimation of methylamine in plant tissues has been 
developed. 

3. Infiltration of the leaves of M. perennis with 
methylethanolamine leads to a substantial increase 
in the content of methylamine. 

4. Methylethanolamine is regarded as the prob- 
able precursor of methylamine in M. perennis. 


REFERENCES 


Ackermann, D. & Schiitze, H. (1910). Zbl. Physiol. 24, 
210. 

Ackermann, D. & Schiitze, H. (1911). Arch. Hyg., Berl., 73, 
145. 

Alexander, B., Landwehr, G. & Seligman, A. M. (1945). 
J. biol. Chem. 160, 51. 

Artom, C. & Cornatzer, W. E. (1948). J. biol. Chem. 176, 949. 

Bjérkstén, J. (1930). Biochem. Z. 225, 1. 

Conway, E. J. & Byrne, A. (1933). Biochem. J. 27, 419. 

Dessaignes, M. (1852). Liebigs Ann. 81, 106. 

Du Vigneaud, V., Chandler, J. P., Simmonds, S., Moyer, 
A. W. & Cohn, M. (1946). J. biol. Chem. 164, 603. 

Du Vigneaud, V., Simmonds, 8., Chandler, J. P. & Cohn, M. 
(1946). J. biol. Chem. 165, 639. 

Emmerling, O. & Reiser, O. (1902). Ber. dtsch. chem. Ges. 35, 
700. 

Gale, E. F. (1948). The Chemical Activities of Bacteria, 2nd ed. 
London: University Tutorial Press Ltd. 

Guggenheim, M. (1940). Die biogenen Amine. Basle & New 
York: S. Karger. 


Handler, P., Bernheim, M. L. C. & Klein, J. R. (1941). 
J. biol. Chem. 188, 211. 

Hasebroek, K. (1887). Hoppe-Seyl. Z. 12, 148. 

Jukes, T. H. (1947). Ann. Rev. Biochem. 16, 193. 

Kapeller-Adler, R. & Vering, F. (1931). Biochem. Z. 243, 292. 

Klein, G. & Steiner, M. (1928). Jb. wiss. Bot. 68, 602. 

Knorr, L. & Matthes, H. (1898). Ber. disch. chem. Ges. 31, 
1069. 

Knorr, L. & Matthes, H. (1901). Ber. disch. chem. Ges. 34, 
3482. 

Kohn, R. (1931). Hoppe-Seyl. Z. 200, 191. 

Pugh, C. E. M. & Quastel, J. H. (1937). Biochem. J. 31, 282. 

Ratner, 8., Nocito, V. & Green, D. E. (1944). J. biol. Chem. 
152, 119. 

Schmidt, E. (1878). Liebigs Ann. 193, 73. 

Stetten, D., Jr. (1941). J. biol. Chem. 140, 143. 

Trier, G. (1912). Ueber einfache Pflanzenbasen und ihre 
Beziehungen zum Aufbau der Eiweisstoffe und Lecithine. 
Berlin: Borntrager. 

Wakeman, N. (1925). J. Amer. pharm. Ass. 14, 29. 








Vol. 45 


87 


The Metabolism of the Amino Sugars 


1. THE BREAKDOWN OF N-ACETYLGLUCOSAMINE BY STRAINS OF 
STREPTOCOCCUS HAEMOLYTICUS AND OTHER STREPTOCOCCI 
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The amino sugars are important constituents of 
many polysaccharides such as chondroitin sulphate, 
hyaluronicacid, chitin, heparin and salivary ‘mucins’, 
yet little is known about their metabolism. Lutwak- 
Mann (1941) studied the breakdown of glucosamine 
by mammalian tissues and found that testicle, 
kidney and brain-slice preparations oxidized the 
hexosamine and liberated varying amounts of 
ammonia. An acid substance was formed which was 
neither lactic nor acetic acid. Monoiodoacetate, 
fluorides, toluene, and merthiolate all inhibited both 
oxidation and deamination, whereas cyanides and 
glyceraldehyde were more effective against the 
former. This author included some preliminary 
results for the three bacterial strains Escherichia coli, 
Streptococcus faecalis and Proteus vulgaris and stated 
that the reactions differed from those carried out by 
animal tissues in occurring under anaerobic as well 
as under aerobic conditions, but that the end products 
formed appeared to be similar. 

Very recently Rosenberg (1948) has confirmed 
that Esch. coli can deaminate glucosamine under 
either aerobic or anaerobic conditions in the presence 
of phosphate. In the absence of phosphate or in the 
presence of azide he claims that deamination will 
no longer proceed anaerobically, although dehydro- 
genation of the substrate still occurs. 

In the present studies strains of Strep. haemoly- 
ticus have been examined in greater detail because 
these organisms might be expected to have an active 
amino sugar metabolism. For example, some strains 
form enzymes (hyaluronidases) which break down 
hyaluronic acid and are then able to use the liberated 
amino sugar (McClean, Rogers & Hale, unpublished 
observation), whilst others form capsules composed 
of this substance (Kendall, Heidelberger & Dawson, 
1937; McClean, 1941). Streptococci of the viridans 
type have been included because it has been shown 
(Rogers, 1948) that the hexosamine-containing sub- 
stances in incubated saliva are broken down and 
the constituents utilized by the developing flora. 
Streptococci of this latter type form a very high 
proportion of the flora and may be responsible for 
the phenomenon. The streptococci have a further 
advantage for studying the metabolism ofsubstituted 
sugars in that the products they form from glucose 


are few in number, lactic acid accounting for 
75-90 % of the sugar used (Hewitt, 1932; Smith 
& Sherman, 1941); this simplifies analytical pro- 
cedures involved in comparisons with the fermenta- 
tion of glucose. 


METHODS 


N-Acetylglucosamine was synthesized from glucosamine 
hydrochloride by the method of Zuckerkandl & Messiner- 
Klebermass (1931) and estimated by the Morgan & Elson 
(1934) procedure. NH, was determined by the microdiffusion 
method of Conway (1947), and lactic acid by ceric sulphate 
oxidation (Winnick, 1942); interfering substances were first 
removed from the samples by the method of Friedemann, 
Cotonio & Shaffer (1927) before making thelatter estimations. 
Glucosamine was determined by Elson & Morgan’s (1933) 
method and reducing sugars by that of Somogyi (1937). 
Nitrogen was estimated by the micro-Kjeldahl technique 
and volatile acids by steam distillation of the sample in the 
presence of McIlvaine buffer at pH 2-60 (cf. Clark, 1928). 
At this pH no deacetylation of N-acetylglucosamine can be 
detected after 20 hr. heating at 98-100° (Rogers, 1946). 

Cultures of capsulated and non-capsulated Lancefield 
Group A and Group C haemolytic streptococci and of a 
streptococcus of the viridans type were grown for 18 hr. in 
500 ml. amounts of a medium consisting of 3% peptone 
(Evans Sons, Lescher and Webb Ltd.) and 0-2% glucose; 
for the haemolytic streptococci normal horse serum (5%) 
was included, and for the viridans organisms sodium 
glycerophosphate (2-5%) was added to prevent the pH 
falling lower than 6-5-6-8 (Rogers, 1945), as otherwise some 
inactivation of the enzyme systems occurred. After growth, 
the organisms were removed from the cultures by centri- 
fuging, washed twice with m/15 phosphate, pH 7-2, and 
resuspended in the same buffer at such a concentration that 
a 1: 100 dilution of the suspension in buffer caused a deflexion 
of 0-3 on the arbitrary scale of the Spekker photoelectric 
colorimeter (Adam Hilger and Watts Co. Ltd.); such 
suspensions were found to contain 1-0-1-2mg. bacterial 
N/ml. Samples were taken from the original culture super- 
natants, washing fluids and final cell suspension for acid 
hydrolysis (2 hr. with 6N-HCl) and subsequent deter- 
mination of glucosamine; similar measurements were also 
made on the uninoculated, incubated medium. Total N was 
estimated on the cell suspensions. 

The rate at which the various cell suspensions utilized 
N-acetylglucosamine was measured by warming them to 
37-5° and adding an equal volume of warm 0-02m-N-acetyl- 
glucosamine dissolved in water. Incubation of the mixtures 
in corked test tubes with an atmosphere of air at 37-5° was 
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continued until about 50% of the substrate had been used. 
Therequired period wasjudged by the amount of 0-1N-NaOH 
used to keep the pH at 7-2 (cf. p. 102) using 0-001 % phenol 
red as internal indicator. The reaction was stopped by the 
addition of 0-2 ml. of N-HCl. The organisms were imme- 
diately removed and the supernatants neutralized to 
pH 7-0. N-Acetylglucosamine was then determined by the 
usual procedure in the neutralized supernatant fluids. 





RESULTS 


Relation between rate of utilization of N-acetylglucos- 
amine and synthesis of glucosamine-containing 
compounds 

Table 1 illustrates the results. Strains 283 T, S 23 and 

E14, which in young culture are capsulated, form 

considerable amounts of a glucosamine-containing 

substance, presumably hyaluronic acid; in 18 hr. 
cultures it is found wholly free in the culture super- 
natant. The amount of glucosamine associated with 


Table 1. Rate of utilization of N-acetylglucosamine by washed suspensions of streptococci, 
and glucosamine content of cultures of the organisms 


(Utilization experiments carried out at pH 7-2 and 37-5° in 0-033M-phosphate buffer; cultures, 18 hr.) 
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rate at which the various haemolytic streptococci 
utilize N-acetylglucosamine varies from 0-5 to 
7-0 mg./hr./mg. bacterial N. There is, however, no 
obvious relation between the ability of growing 
cultures to synthesize glucosamine and the rate at} 
which washed suspensions utilize N-acetylglucos- n 
amine. There are insufficient results to justify 
calculation of correlation coefficients, nor is it 
thought that such an attempt would be profitable 
even with a more extended series until more is known 
of the conditions controlling synthesis. The results 
obtained suggest that the mechanism of synthesis of 
the capsular polysaccharides is unlikely to be by the 
direct incorporation of N -acetylglucosamine, initially 
present in the medium, since all the organisms 
utilize this substance rather rapidly. The rate of 
utilization by six out of the seven strains of the 
viridans types is very similar, and smaller than that 
for the haemolytic organisms. 





Amount of glucosamine found in 18 hr. cultures 


Rate of utilization (ing./mg. bacterial N) 
by suspensions - 
Organisms (mg./hr./mg. Cells Supernatants 
(eee bacterial N) 
Group Type Strain Exp. 1 Exp. 1 Exp. 2 Exp. 1 Exp. 2 ter 
Strep. haemolyticus ) 
A 4 P 315 2-6 0-37 0-36 0 0 
A + H 713 1-4 0-31 0-30 0 0 
A 6 283 T 1-0 0-26 0-27 3-7 3-0 § 
A 14 8 23 0-5 0-29 0-31 2-8 2-6 a 
A 25 E14 1-1 0-42 — — 0-9 
A 22 63 T 1-2 0-27 0-31 0 0 
A 22 D93 _ 0-31 0-36 0 0 
Cc 4 Pettman 0-9 0-34 0-36 0 0 | 
Cc 20 Niel 7-0 0-30 0-25 0 0 | 
C — 5370 3-9 — - ~~ - | 
Streptococci of viridans type 
1 0-5 0-31 — = 0 ; 
2 0-5 0-30 0-35 0 0 ; 
3 0-75 0-30 0-30 0 0 
4 0-77 0-28 0-23 0 0 
5 0-82 0-30 _ 0 0 M 
6 0-77 0-31 0-32 0 0 
7 _ _ 0-26 0 0 Al 
0=no increase detected in glucosamine content of supernatant compared with the uninoculated medium. _ 
"4 
vu 
the cells of both capsulated and non-capsulated The reproducibility of the figures given for the 1-4 
organisms is remarkably constant. Thissuggeststhat rates of utilization of N-acetylglucosamine was lac 
the substance or substances which contain glucos- examined by testing one strain (5370) on twelve glu 
amine and are closely associated with the cells are separate occasions with freshly prepared suspensions. cal 
altogether different from the capsular substance and The average rate (given in Table 1) was 3-9 and sin 
may possibly form some essential building material average variation of the twelve results + 19-5%. an 
of the cell rather than part of an extracellular These figures include two extreme values of 4-9 and lite 
polysaccharide or of a metabolic intermediate. The 2-5. Other strains were also examined in a smaller cor 








Vol. 45 


number of experiments and the results showed a 
similar degree of variation. 

The results incidently suggest that the loss of 
capsules in old cultures of the haemolytic strepto- 
cocci is due to their solution in the culture media and 
not to the formation of enzymes which hydrolyse 
them. If the latter were the case the liberated 
hexosamine would have been utilized and none found 
in the acid-hydrolysed culture supernatants. 


The end products from N -acetylglucosamine 


The formation of an acid product and of NH, from N- 
acetylglucosamine was observed in earlier experiments; 
qualitative tests showed that lactic acid was present. The 
same end products were also formed under anaerobic con- 
ditions. Estimations were therefore made of these two 
substances and of volatile acids, since it seemed likely that 
acetic acid might arise as a result of deacetylation of the 
amino group. The techniques used for the preparation of 
the cell suspensions and for following the metabolism of the 
amino sugar were those described above. The incubation 
period was extended until no further acid was formed, the 
pH being maintained at 7-2 as before. 


Table 2. End products from N-acetylglucosamine and 
from glucose by non-proliferating suspensions of 
haemolytic and viridans streptococci 


(NAG = N-acetylglucosamine; G=glucose; 0=none de- 
tected ; — =not examined.) 


Mol./mol. sugar 
A 





w~ =— 

NH, Lactic acid Acetic acid 

Substrate... NAG G NAG G NAG G 

Strep. haemolyticus 

Niel 0-97 0 1-60 1-57 — — 

283T 0-97 — 1-61 1-70 1-04 0 

23N 1-00 — 1-71 1-65 1-00 0 

P315 0-99 0 1-70 1-68 1-06 0 

5370 1-00 —- 1-60 — 1-05 —_— 
Streptococci of viridans type 

3 0-96 0 1-12 1:30 1-40 — 

4 0-98 0 1-33 1-36 —— — 

5 0-92 0 1-44 1-42 1-10 — 

6 0-94 0 1-20 1-34 1-04 — 


Table 2 shows a selection of the results obtained. 
All the organisms yielded approximately 1 mol. of 
ammonia, 1 equivalent of volatile acid and from 
1-2 to 1-7 mol. of lactic acid/mol. sugar. One of the 
viridans strains was anomalous in forming about 
1-4 equivalent of volatile acid and only 1-1 mol. of 
lactic acid. The amount of lactic acid formed from 
glucose was examined in parallel experiments; as 
can be seen in the Table, the results are closely 
similar to those obtained using N-acetylglucos- 
amine, and agree with those already reported in the 
literature for the metabolism of glucose by strepto- 
cocci (Smith & Sherman, 1941; Hewitt, 1932). 
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Carbon dioxide formation from N-acetylglucos- 
amine was measured for two strains only; 0-85 and 
0-9 mol. were formed from 1 mol. of substrate. In 
these two examples 87 and 90 % of the carbon were 
recovered. Thus the end products formed from 
N-acetylglucosamine appear to be closely similar to 
those from glucose with the addition of ammonia 
and acetic acid from the acetamido group of the 
former compound. 


pH optimum for utilization of N-acetylglucosamine 


The rates of utilization and deamination of N-acetyl- 
glucosamine by Strep. haemolyticus 5370 acting at different 
pH’s were examined as follows. A suspension of the organism 
was prepared in the usual manner with the exception that 
the final suspending fluid was water and not phosphate 
buffer; providing such a suspension was used immediately 
no detectable inactivation took place though on storage the 
pH fell rather rapidly and the enzyme systems were in- 
activated. The suspension was mixed with equal volumes of 
0-2m-phosphate buffers at the appropriate pH values which 
were checked in the presence of the cells, using the glass 
electrode. The mixtures were warmed to 37-5° and sufficient 
0-1m-N-acetylglucosamine added to make the final con- 
centration0-0lm. It was found that the pH drifted in those 
tubes in which the reaction was proceeding at optimal rate, 
even in the presence of the stronger buffer. Phenol red was, 
therefore, added to these tubes, which were within the pH 
range of 7-0-7-5, and the acid formed neutralized with 
0-1n-NaOH. When approximately half the substrate had 
been used in the optimal pH range the reaction was stopped 
by the addition of N-HCl and analyses carried out as usual 
on neutralized supernatant fluids from the centrifuged 
suspensions. 


Fig. 1 shows that the optimum pH for both the 
rates of deamination and utilization as assessed by 
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Fig. 1. Influence of pH on the metabolism of N-acetylglucos- 
amine by Strep. haemolyticus strain 5370 acting in the 
presence of 0-1 m-phosphate at 37-5°; —@— % N-acetyl- 
glucosamine utilized; —x— % of theoretical NH, 
formed. 


the usual methods is between 7-0 and 7-5. During 
these experiments attempts were made to use buffers 
other than phosphate, such, for example, as veronal 
(Michaelis, 1930) or acetate. The rates of both 
utilization and deamination, however, were about 
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20-30 % lower than in the presence of phosphate at 
the same pH. This reduction was due neither to 
depression by the buffers used nor to absence of 
K* ion, since the addition of phosphate but not of 
potassium chloride restored the rate of reaction. It 
is taken as preliminary evidence that phosphoryla- 
tion cycles are involved in the metabolism of the 
hexosamine. 

The optimum pH is similar to that of 7-4~7-8 
recorded by Lutwak-Mann (1941) for the deamina- 
tion of glucosamine by animal tissue preparations. 
The streptococci apparently remain active at a 
slightly lower pH than the tissues, which were 
inactive at pH 6-0. 





The relative rates of utilization, deamination and 
lactic acid formation 


Lutwak-Mann (1941) found that oxidation of 
gluccsamine preceded deamination, and that utiliza- 
tion and deamination were not equivalent. If, in the 
metabolism of N-acetylglucosamine by streptococci, 
oxidation at carbon atom 1 or 2 precedes deamination, 
N-acetylglucosamine would disappear without the 
appearance of an equivalent amount of ammonia or 
lactic acid, for the oxidized molecule would give no 
colour in the usual estimation (cf. Morgan, 1936; 
White, 1940). To examine this possibility a suspen- 
sion of Strep. haemolyticus 5370 was prepared in the 
usual manner and mixed with an equal volume of 
0-02mM-N-acetylglucosamine. Both the suspension 
and the solution were first warmed to 37-5°. Samples 
(2-0 ml.) were then taken at the times indicated in 
Fig. 2 and added to 0-2 ml. of N-hydrochloric acid, 
centrifuged immediately and the supernatant fluids 
neutralized. The pH of the mixture was maintained 
at 7-2 throughout the incubation by addition of 
0-1 N-sodium hydroxide. Phenol red was present as 
internal indicator. 

Fig. 2 shows that within the experimental error 
there is no lag in the liberation of ammonia or in the 
formation of lactic acid; the small difference between 
the curves was not a constant feature of the reaction 
and did not amount to more than 10 % at any point. 
Thus it seems unlikely that changes involving 
carbon atoms one or two in the N-acetylglucosamine 
structure appreciably precede liberation of the 
amino group. In other experiments the rate of dis- 
appearance of N-acetylglucosamine was correlated 
with that of total glucosamine remaining after acid 
hydrolysis and with that of reducing sugar. Agree- 
ment was again within experimental error. 

These results suggest that any intermediate step 
between the unmodified N-acetylglucosamine and 
the removal of the amino group is not one which is 
a major factor in determining the overall rate. There 
is no evidence for the accumulation of an amino 
compound. Lutwak-Mann’s (1941) results for tissue- 
slice preparations are in striking contrast. For 


H. J. ROGERS 


1949 


example, kidney and testis liberated only 20-80% 
of the theoretical amount of ammonia from glucos- 
amine irrespective of the incubation time. It seems 
unlikely that results for the acetylated compound 


would have been different since the deamination of , 


N-acetylglucosamine by the tissue slices was slower 
than that of glucosamine itself. 


Zsss 


PSST S 


N-Acetylglucosamine utilized (umol.), 
NH; formed (umol.) and lactate formed (umol. X 0-5) 
2 
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Fig. 2. Rates of utilization, deamination and lactate 
formation from N-acetylglucosamine using washed sus- 
pensions of Strep. haemolyticus strain 5370 acting at 
pH 7-2 in 0-033M-phosphate at 37-5°; —@— pmol. N- 
acetylglucosamine utilized; — x— pmol. NH, formed; 
—/A\— 0-5ymol. lactate formed. 


Inhibitors of the reaction 


The influence of various known inhibitors of metabolism, 
on the rates of utilization and deamination of N-acetyl- 
glucosamine and on the rate of lactate formation was 
examined, using Strep. haemolyticus 5370 as test organism. 
Samples of the cell suspensions, prepared in the usual way, 
were warmed to 37-5° and mixed with sufficient of the 
inhibitors to give the concentrations indicated in Table 3 
after the addition of substrate. An equal volume of warm 
0-02mM-N-acetylglucosamine was then added. The pH was 
maintained at 7-2 throughout the experiment by the addition 
of 0-1n-NaOH using phenol red as internal indicator. 
Incubation was continued until about 50% of the substrate 
had been used in the mixtures containing no inhibitor and 
the reaction was then stopped by the addition of n-HCl. 
Analyses were carried out on the neutralized supernatants 
as before. 


All three stages of the reaction are inhibited by 
fluoride, copper ions, capryl alcohol, toluene, anis- 
aldehyde, ketone fixatives, citrate and to a slight 
extent by dimedone (Table 3). Some of these sub- 
stances appear to inhibit the rate of utilization rather 
less than they do the rate of either deamination or of 
lactate formation. The differences, however, are not 
very large and were not constant from experi- 
ment to experiment. Their significance is, therefore, 
doubtful. The inhibition by citrate was particularly 
interesting because it was later shown that glucose 
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also inhibited. Any possibility, however, that the 
mechanism of citrate action involved the four- 
carbon acid cycle, was excluded by the negative 
results obtained with fumarate, malate and malonate; 
moreover, citrate was effective under anaerobic con- 
ditions. The inhibition was completely reversed by 
the addition of 0-05M-magnesium chloride and there- 
fore seems to be due to removal of either Mg** or 
Ca** ions. 


Table 3. Influence of inhibitors on utilization, 
deamination and lactate formation from N-acetyl- 
glucosamine by suspensions of Strep. haemolyticus 
strain 5370 

(pH, 7-2; temp., 37-5°.) 


Inhibition (%) 


Concen- 
tration Deamina- Lactate 
Inhibitor (M) Utilization tion formation 
NaF 0-02 83 88-5 97-0 
0-01 83 81-8 87-0 
0-001 0 17-2 12-0 
Citrate 0-04 50-5 70-0 53-8 
0-02 57-9 67-8 60-5 
KCN 0-01 16-8 17-5 14-6 
NaHSO, 0-25 48-4 64-9 77 
0-12 27-9 43-2 52-8 
0-05 5-9 32-0 33-2 
NH,OH. HCl 0-01 42-2 63-2 72-0 
0-002 27-9 18-2 22-9 
0-001 17-3 0-10 5-0 
Dimedone 0-02 0-10 21-6 —- 
0-01 0-10 26-2 — 
0-005 0-10 17-3 a 
Capryl alcohol Saturated 22-2 40-4 37-9 
solution 
*Toluene Saturated 243 43-6 20 
solution (a) 
Saturated 100 100 100 
solution (5) 
Saturated 100 100 100 
solution (c) 
Anisaldehyde Saturated 87-0 93-0 — 
solution 
Cu** as 0-0015 22-2 17:3 39-0 
CuSO,.5H,O 0-00015 0 4 6-0 


* (a) =Toluene added to cell suspension and gently shaken 
immediately before experiment. (6)=Toluene and cell 
suspension incubated together for 24 hr. at normal tem- 
perature. (c)=As for (6) but incubation at 37°. 


The degree of inhibition by bisulphite varied from 
batch to batch of organisms. Whereas for one batch 
of cells 0-02M-sodium hydrogen sulphite inhibited 
deamination by 50-60%, with another the inhibi- 
tion by a strength of 0-05m was only 30-35 %. The 
relative efficiency of the three fixatives, bisulphite, 
hydroxylamine and dimedone, is also of interest and 
the results might most easily be interpreted by 
supposing that primarily they inhibit endocellular 
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reactions by combining with aldehyde or ketone 
prosthetic groups, rather than with metabolic inter- 
mediates free in the fluid. The comparative in- 
effectiveness of dimedone would then be explicable 
because cells might be expected to be less permeable 
to the large molecule of this substance. 


The influence of glucose on the reaction 


Concentrations of glucose from 0-05 to 0-2m inhibit 
deamination of glucosamine by 50-70% using tissue pre- 
parations (Lutwak-Mann, 1941). The influence of glucose 
upon the utilization and deaminationof N-acetylglucosamine 
by streptococci was examined as follows. Cell suspensions 
of two haemolytic streptococci (Niel and 5370) were prepared 
and samples (1-0 ml.) distributed in tubes. Water was added 
to give a volume of 1-8 ml. after the addition of m-glucose 
(final glucose concentrations 0-2, 0-1, 0-05 and 0-02m). The 
diluted cell suspensions were warmed to 37°, and the glucose 
solution added, followed immediately by N-acetylglucos- 
amine to 0-01m. The pH was maintained during subsequent 
incubation by the addition of 0-1N-NaOH, with phenol red 
as indicator. Reaction was stopped by n-HCl when 50% of 
the full amount of acid had been produced in a tube without 
glucose and N-acetylglucosamine and NH, were determined. 


Table 4 shows that concentrations of glucose from 
0-05 to 0-2m inhibit both the utilization and the 
deamination of N-acetylglucosamine. The degree of 


Table 4. The inhibition of utilization and deamination 
of N-acetylglucosamine by glucose, using washed 
suspensions of two strains of Strep. haemolyticus 


(pH, 7-2; temp., 37-5°.) 
Inhibition (%) 


A. 
~ 





Utilization Deamination 

Glucose 2 ‘ a A * 
concentration Strain Strain Strain Strain 
(m) Niel 5370 Niel 5370 

0-2 79-0 a 83-8 93-5 

0-1 79-5 75-9 67-5 71-2 

0-05 54-0 49-6 50-2 62-2 
0-02 29-6 4 23-6 5-5 


inhibition is similar to that recorded by Lutwak- 
Mann (1941) for tissues acting upon glucosamine. 
One of the interesting results obtained with tissues 
was that the end products formed from glucose by 
testicular preparations also inhibited the deamina- 
tion of the amino sugar. Streptococci, however, 
were not inhibited by the neutralized products 
formed from glucose; lactate itself was equally 
ineffective. 


Relative rates of acid formation from glucose 
and N-acetylglucosamine 


The rates, in two strains of Strep. haemolyticus, 
were measured by the amounts of 0-1N-NaOH 
necessary to maintain a pH of 7-2. The technique of 
preparing the cell suspensions and of conducting the 
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reactions was as described for earlier experiments. 
The concentration of both substrates at the beginning 
of the experiment was 0-01m. Fig. 3 shows that the 
rate of acid formation from glucose is very much 
faster than from N-acetylglucosamine. There is 
again no evidence of lag using N-acetylglucosamine. 
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Fig. 3. Relative ratesof acid formation from N-acetylglucos- 
amine and glucose by washed suspensions of two strains 
of Strep. haemolyticus (Niel and H713) acting at pH 7-2 
in 0-033 m-phosphate at 37-5° ; —@— acid formation from 
glucose; —O —acid formation from N-acetylglucosamine. 


The initial rates of the reaction were measured for 
nine strains of Strep. haemolyticus and seven of the 
viridans organisms. The rate of acid formation from 
glucose was always found to be faster than from the 
amino sugar, the ratios of the initial rates being from 
2 to 20 for the former group of organisms and from 
2 to 9 for the latter. 


DISCUSSION 


The end products formed by streptococci acting 
upon N-acetylglucosamine differ from those formed 
from glucose, by the additional presence of ammonia 
and volatile acid, but the amount of lactic acid is 
closely similar for the two substrates. The question 
is at what point or points in the fermentation is the 
acetamido group decomposed to ammonia and free 
acetic acid. One possible scheme for the breakdown 
of N-acetylglucosamine which would account for the 
end products obtained is deacetylation followed by 
hydrolysis of the ‘amino group. The remaining 
glucose could then be fermented by the usual pro- 
cesses. The effect of inhibitors upon the reaction, 
however, does not favour this hypothesis, as the sub- 
stances examined inhibited the formation of lactate 
and ammonia to about the same extent. Thus it 
seems that glycolysis and deamination are closely 
related. Otherwise we must assume that the 
sensitivity of the ‘glucosamine deaminase’ is exactly 
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the same as that of the various glycolytic enzymes, 
since inhibitors as widely apart in their mechanism 
of action as fluorides or citrate (which inhibit by 
removal of Mg**), ketone and aldehyde fixatives 


such as bisulphite, iodoacetate (which effects , 


enzymes depending upon thiol groups), and glucose 
(which presumably inhibits competitively) all 
influence deamination and lactate formation to 
about the same extent. 

The way in which the glycolytic and deamination 
reactions are interrelated cannot be decided from the 
results so far obtained. The most likely hypothesis, 
however, on the present results and those obtained 
by Lutwak-Mann (1941) for mammalian tissue- 
slice preparations would seem to be that partial 
breakdown of the glucopyranose structure occurs 
before the amino group is liberated as ammonia. 
Although no evidence for the formation of inter- 
mediary amino compounds was obtained in the 
present work—the somewhat greater degree of 
inhibition of deamination as compared with utiliza- 
tion obtained using some inhibitors being too small 
and irregular to use as evidence—the observations 
of Lutwak-Mann (1941) that only 20-60% of the 
theoretical amounts of ammonia are liberated using 
testicular preparations could be explained in this way. 
No lactic acid is formed by this tissue, although the 
amino group remains free throughout the reaction. 
It appears that here some acid amino compound 
must be formed, and that the testicular preparations 
lack the enzyme systems, which can convert it to 
lactic acid. The deaminase in streptococci must be 
very active, assuming intermediate amino com- 
pounds are formed, since there is no lag between the 
disappearance of the hexosamine and the appearance 
of ammonia. Whatever reactions are pace-setting, 
they must leave sufficient of the N-acetylglucos- 
amine molecule intact to give the colour reaction. 

The other possible type of interrelation between 
glycolysis and deamination is that, as with gluta- 
mine (MclIlwain, 1946), fermentation must be pro- 
ceeding before deamination can take place. The 
inhibitory properties of glucose, however, do not 
support the idea. Using whole cells, however, per- 
meability factors complicate the interpretation of 
results, and the problem would be better reserved 
for study with cell-free enzymes. The possibility that 
acid amino compounds are formed during the break- 
down of hexosamines suggests that an amino-acid 
may be formed. Streptococci, however, have very 
limited potentialities in breaking down these sub- 
stances. Hills (1940) examined washed suspensions 
of four strains of Strep. haemolyticus, Groups A and 
B, and one of Strep. viridans. He found that of the 
common amino-acids only arginine was deaminated 
rapidly. Clearly the involvement of arginine itself 
as an intermediate in the breakdown of N-acetyl- 
glucosamine is impossible from both structural con- 
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siderations and the nature of the end products; all 
the ammonia was liberated from the hexosamines, 
whereas two amino groups would remain fixed in 
ornithine if arginine were an intermediate. Never- 
theless, the extremely poor array of deaminases 
present in the streptococci renders desirable a 
further examination of the relations between 
arginine dihydrolase and the deaminase active in 
the breakdown of the amino sugars. 


SUMMARY 


1. The rates at which suspensions of Strepto- 
coccus haemolyticus and Strep. viridans utilize 
N-acetylglucosamine show no obvious correlation 
with the amount of hexosamine synthesized by 
cultures. 
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2. The end products formed by streptococci from 
1 mol. of N-acetylglucosamine are 1 mol. ofammonia, 
1-2-1-7 mol. of lactate and 1 equivalent of volatile 
acid. 

3. The pH optimum for the reaction is 7-2—7-5. 

4. The rates of utilization, deamination, and 
lactate formation are equal. 

5. Reagents inhibiting lactate formation also 
inhibit deamination and the disappearance of 
N-acetylglucosamine. 

6. The most likely mechanism for the reaction 
appears to be the breakdown of the glucopyranose 
structure with the subsequent deamination of an 
intermediate amino compound. 

The author acknowledges the very considerable technical 
assistance given by Mr A. Parkinson during this work, and 
thanks Dr NualaCrowley forthe strains of Strep. haemolyticus. 
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The Kinetics and Specificities of Deamination of 
Nitrogenous Compounds by X-radiation 


By W. M. DALE, J. V. DAVIES anp C. W. GILBERT 
Christie Hospital and Holt Radium Institute, Manchester 


(Received 31 January 1949) 


In continuation of previous investigations on the 
specificity of radiation effects (Dale, 1942, 1947; 
Allsopp, 1944, 1948) we have found that deamination 
occurs when aqueous solutions of amino-acids are 
irradiated by X-rays (Dale & Davies, 1949), a fact 
which was independently observed by Stein & Weiss 
(1948). The specificity of this reaction and its peculiar 
kinetics described in this paper are of consequence 
with respect to the mode of the indirect action of 
radiation on solutions and probably for the radio- 
biology of cells. An attempt will be made to interpret 
the experimental results in terms of the primary 
formation of radicals from water by X-rays (Weiss, 


1944). It is, however, possible that the current con- 
cept of radical formation may need modification in 
view of certain still unexplained facts, for example, 
the variation of the protective power of certain sub- 
stances with their concentration (Dale, Davies & 
Meredith, 1949). 

The approach to the problem of the relation 
between radiation effect and molecular structure of 
the solute, presented in this paper, is different from 
that used previously. Whereas then an overall 
picture of the radiosensitivity of a substance was 
indirectly obtained by measuring the competition 
between two solutes for the available radiation 





94 


energy, there is now only one solute present in any 
one experiment and the formation of ammonia is 
directly measured in relation to the molecules from 
which it is derived. 





EXPERIMENTAL 


Methods. Radiation was obtained either from a 500 kV. 
Metropolitan-Vickers continuously evacuated X-ray tube 
(half value layer 5-2 mm. Cu, average A=0-056 A.) or from 
a Victor KX 10, 140 kV. tube (half value layer 3 mm. Al, 
average A=0-29 A.). The dosage rate at the position of the 
solution was determined by a 250r. Victoreen condenser 
dosemeter which had been calibrated at the National Physical 
Laboratory. A Hammer dosemeter was used to integrate the 
total dose given. The general treatment of glassware complied 
with rules described earlier (Dale, Gray & Meredith, 1949). 
All solutions were made up by weight with air-saturated 
water redistilled from alkaline KMn0, in an all-glass (Pyrex) 
still and then exposed to radiation in fused glass ampoules. 

Analytical procedure. The NH, was distilled in a standard 
microdiffusion apparatus (Conway, 1947) from a solution 
half-saturated with respect to K,CO, into standard acid. 
Usually 1-0 ml. of 0-02N-H,SO, was employed. For the final 
colorimetric estimation of NH, by nesslerization a Spekker 
photoelectric absorptiometer calibrated for the range of 
1-10 pg. of NH,/ml. was used. We are indebted to Adam 
Hilger and Co. Ltd. for the loan of this instrument. Whenever 
a greater amount of NH, was found in preliminary experi- 
ments, the solution under test was immediately diluted with 
nesslerized water to a final concentration falling within the 
prescribed range. Dilution was carried out by adding rapidly 
the required volume of nesslerized water to the distillate 
contained inatest tubeand completing the mixing by pouring 
the combined fluids back. This procedure helped to avoid 
interfering turbidity. Only in the few cases in which the 
solution was strongly alkaline (carboxypeptidase, guanidine 
carbonate and glyoxaline), was irradiation carried out in the 
Conway unit itself, the outer ring containing the solution and 
the central compartment the standard acid. No further 
alkali was added. 

For all experiments blanks were included in order to 
determine any extraneous traces of NH, or any NH, which 
might have been split off from the substances under the 
conditions of the analysis. Any such blank value was sub- 
tracted from the experimental value. Very careful and 
thorough recrystallization of the amino-acids, etc., is 
necessary in order to reduce the blanks to negligible values. 
In a few cases the amounts of amino-acids available for the 
experiments were not sufficient to permit of a thorough 
recrystallization and such samples tended to show a high 
blank. 

RESULTS 


Variation of ionic yield of glycine with 
concentration 


The X-ray dose for all concentrations was 166,000 r. 
for aqueous solutions up to near saturation 
(2 x 105 wg./ml.). (The density of this solution is 1-08 
and of dry glycine 1-16.) The experimental points 
are shown in Fig. 1. They fall approximately on 
a curve given by I «<C”, where n = 0-3, I = ionic yield, 
defined in this paper as the number of molecules of 
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ammonia liberated for every 32-5eV. of X-ray 
energy adsorbed, and C=concentration of glycine, 
The curve drawn in the figure is calculated on a 
theoretical basis (see Discussion and Appendix). 
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Fig. 1. Ionic and absolute ammonia yield from irradiation 
of glycine by 166,000 r. Points, experimental; curve, 
theoretical; arrow, dry glycine. 


The arrow in Fig. 1 indicates the yield for dry 
glycine (2-96). To avoid any loss of ammonia in this 





case, irradiation took place in a closed system con- 
sisting of two glass bulbs fused to a connecting tube | 
which separated the dry glycine from 0-01 N-H,SO,. | 
After irradiation the contents were mixed and the 
ammonia determined. os 
Table 1. Ammonia yield from amino-acids and other ol 
nitrogen-containing compounds in 0-13M-solution a 
after exposure to an X-ray dose of 166,000 r. } . 
or. 
Substance pg. NH,/ml. ac 
Glycine 8-1 ob 
Glycine + 1 equiv. HCl 5-0 the 
Glycine + 18 equiv. NaOH 8-0 i 
Alanine 7-2 _=—_ 
B-Alanine 4:3 | mr 
Histidine 11-8 | the 
Histidine monohydrochloride 10-6 | wa 
Lysine monohydrochloride 3-7 
Arginine 7-5 
Cystine + 1 equiv. HCl 6-3* 
Cystine + 1 equiv. NaOH 19-0* " 
Methionine 6-6 | 
Glycine anhydride 1:3 Bly 
Glyoxaline 3-0 ind 
Glycylglycine 12-5 is ¢ 
Glycylglycine + HCl 3-8 pro 
Leucylglycine 6-6 ‘in 
Diglycylglycine 7-0 : 
Proline ind 
Urea 0-2 soh 
Guanidine carbonate 0 166 
Thiourea 1-4 wel 
[Carboxypeptidasef, 2-3%, 6-6 x 10-4 m 9-1*] 19. 
* Large blank. 93. 
+ Relatively large blank. d 
t Mol. wt. 32,000 (Putnam & Neurath, 1946); 34,000 om 
(Dale, Gray & Meredith, 1949). sho 
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Deamination of amino-acids and other 
nitrogen-containing compounds 
All compounds were irradiated in 0-13 M-solutions 
(equivalent to 10 mg. of glycine/ml.) with an X-ray 
dose of 166,000 r. The results are summarized in 
Table 1 and considered in the discussion. 


Effect of exclusion of oxygen 


Experiments were carried out with oxygen-free 
solutions of glycine which gave the same yield of 
ammonia as aerated solutions. In addition, glycine 
dissolved in solutions of 0-0005—0-002m-hydrogen 
peroxide gave the same yield of ammonia as glycine 
dissolved in water. (0-0005m-hydrogen peroxide 
solution is equivalent to a concentration of peroxide 
resulting from an X-ray dose of 166,000 r., if it were 
formed with an ionic yield of unity.) 


DISCUSSION 


In discussing the results and attempting to fit them 
into current concepts of the mode of action of 
ionizing radiations, attention must be paid to the 
kinetics of the reaction and to the specificity of the 
radiation effects. The inactivation of enzymes (Dale, 
Meredith & Tweedie, 1943; Dale, 1943) and viruses 
(Lea, Smith, Holmes & Markham, 1944) by in- 
creasing doses of radiation was shown to follow an 
exponential course owing to the increasing protection 
given by the steadily growing fraction of solute, 
already deactivated, but still capable of reacting 
with the agent of indirect action formed from water. 
The radiation effect could only be measured in terms 
of a change of the initial concentration of the solute, 
a change which had to become fairly large in order to 
obtain accurate results. In the present investigation 
the ammonia split off by radiation is directly 
measured when only a few parts per thousand of the 
initial glycine have been changed. One would expect 
therefore an effect proportional to the dose, and this 
was verified experimentally. 


The ionic yield of the deamination of glycine 


The radiation producing deamination of dissolved 
glycine acts partly directly on the glycine and partly 
indirectly via the water. The action on dry glycine 
is direct only and the direct action in solution is 
proportional to the concentration of the solute. We 
can apportion the contributions of the direct and 
indirect action to the ammonia yield in the 18% 
solution; the direct action will give 3-8 yg./ml. for 
166,000 r., being the yield from 1-8 g. of glycine, 
and the indirect action will therefore contribute 
19-9 »g./ml. to give the total ammonia yield of 
23-7 »g./ml. In more dilute solutions the proportion 
due to direct action is even less. These considerations 
show that the effects are mainly indirect. The experi- 
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mental results have, therefore, to be discussed in 
terms of indirect action, the most characteristic 
feature of which has hitherto been the constancy of 
the ionic yield when the concentrations of the solute 
are varied, except at extreme dilutions. The deamina- 
tion of glycine (Fig. 1) shows no such constancy over 
the whole range of concentrations from very dilute 
to nearly saturated solutions, indicating a more com- 
plicated mechanism. The usual explanation for the 
falling ionic yield at extreme dilution is the recom- 
bination of the hydroxylradicals and hydrogen atoms 
formed from the water. This explanation may hold 
for deamination, if recombination is still appreciable 
at the high concentrations, because of a low affinity 
of the radicals for glycine (Dale, 1942). 

The experiments show that the ionic yield rises to 
a value of 2-9 without any tendency to approach 
a limit. The ionic yields so far observed for biological 
substances lie between the limits of 0-1 and 1-0, and 
thus the deamination of glycine by X-rays seems to 
be the first example of a non-polymerizing reaction 
of an organic compound which can greatly exceed 
unity. (A second example is the liberation of sulphur 
from thiourea by radiation (Dale & Davies, 1949).) 

How then can the high ionic yield both for aqueous 
solutions and dry glycine be explained? We shall 
examine two alternative mechanisms to account for 
it in aqueous solution, one invoking formation of 
several pairs of radicals per ion pair and the other a 
chain reaction. It is obvious that the mechanisms to 
be discussed for the aqueous solutions cannot explain 
the yield from the dry glycine, and we shall not 
attempt to specify the way the energy is utilized in 
this case. 

To begin with the non-chain radical mechanism. 
Weiss (1944) has suggested that the effects of 
ionizing radiations are due to hydrogen and hydroxyl 
radicals formed by the splitting of water molecules. 
It has frequently been assumed that about one 
effective radical pair is formed for each ion pair (Lea, 
1947). On the basis of this assumption an ionic yield 
exceeding unity could not primarily occur, since one 
radical by its very nature cannot react with more 
than one molecule of glycine. However, radicals may 
be formed by excitation or direct dissociation as well 
as by neutralization of charged ions (Dainton, 1948; 
Miller, 1948). Miller suggests that, in the case of his 
inorganic solute, a total of about three pairs of 
radicals are formed per ion pair (or, more exactly, 
per 32-5 eV. of energy absorbed from the radiation). 
This is energetically possible, since it requires 5 eV. 
to form a pair of radicals and from the 32-5 eV. 
absorbed only about 12 eV. is needed to ionize the 
water molecules. If both radicals are effective (Dale, 
1947, p. 49) in reacting with the solute either directly 
or indirectly by a mechanism such as suggested by 
Miller (1948), then an ionic yield as high as 6 could 
be obtained without any form of chain reaction. 
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The other alternative is a chain reaction. Dainton 
(1948) has recently shown that hydroxyl and 
hydrogen radicals catalyse the polymerization of 
vinyl cyanide and 2-cyanoprop-l-ene. In this re- 
action the radical is initiating a chain reaction which 
can continue without further participation of a 
radical of the same type. For the deamination of 
glycine, however, it is unlikely that after a hydroxyl 
radical has collided with a glycine molecule an 
ammonia formation could progress on its own with- 
out further radicals taking part. A mechanism on the 
following lines might be suggested: 


OH++*H,N.CH,.COO” =OH.CH,.COO- + NH}, 
NH; + H,O =NHj + OH. 


The re-formed hydroxy] radical can then collide with 
another glycine molecule and so carry on the chain. 

For the deamination of amino-acids by ultra- 
violet light (Weizmann, Bergmann & Hirschberg, 
1936) an ionic mechanism was proposed on account 
of a maximum quantum efficiency for the isoelectric 
state of the amino-acid examined. This mechanism 
does not seem to apply to the deamination of amino- 
acids by X-rays since the hydrochlorides of amino- 
acids yield less ammonia than the amino-acids them- 
selves (Table 1). 


The variation of ionic yield with concentration 
of solute 


The schemes suggested above give a broad picture 
of how ionic yields exceeding unity may occur. They 
do not yet account for the particular form of the 
variation of yield with concentration which can be 
explained by considering the kinetics of the reaction 
and the spatial distribution of the radicals. The 
energy of the X-radiation is transferred to electrons 
(Compton recoil or photoelectrons), and the radicals 
are formed initially along their tracks, either from 
ions or from water molecules directly excited or 
dissociated by the electron. The initial density of the 
radicals is high, and therefore only at high con- 
centrations of solute will their recombination be 
negligible. The rate of loss of radicals can be 
represented by the equation 

ae —D.V?n+ an? + BCn, 
dt 
where n is the concentration of radicals, C the con- 
centration of the solute, D the diffusion constant of 
the radicals, « the velocity constant of the recom- 
bination of the radicals, 8 the velocity constant for 
the interaction of the radicals and solute leading to 
the removal of the radical and ¢ the time. 

At the dose rates used the highly localized forma- 
tion of radicals along the electron paths confines the 
entire reaction to their immediate neighbourhood, 
so that in the equation above we need only consider 
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one electron track, and therefore the reaction is 
independent of dose rate. The initial concentration 
distribution of radicals has a definite value n), and 
their subsequent fate is described by the solution of 
the equation. On the basis of this equation a curve 


covering both mechanisms has been calculated (see 


Appendix), the numerical values of the parameters 
having been chosen to give the-best fit to the experi- 
mental points (Fig. 1). It is worth noting that the 
choice of constants is not critical and in particular 
that no reliable estimate can be made, in the case of 
the non-chain reaction, of the number of effective 
radicals per ion pair and in the other case of the 
chain length. 

The peculiarity of the deamination reaction by 
X-rays is brought out on comparing this reaction 
with the inactivation of enzymes and viruses (Dale, 
1947; Lea, 1946), where the recombination of 
radicals becomes negligible at much lower con- 
centrations, resulting in a constant ionic yield over 
an appreciable range of concentrations. The deamina- 
tion, in fact, never attains constancy of its ionic 
yield, and it is uncertain whether such a state would 
be reached if higher concentrations were physically 
possible. This uncertainty makes a rational inter- 
pretation more difficult and one can only tentatively; 
interpret the different behaviour of the various 
substances being deaminated in terms of their 
respective affinity to radicals (considerably lower 
than for enzymes). This difficulty becomes even 
greater in the liberation of sulphur from thiourea 
(Dale & Davies, 1949) which follows a similar course, 
although protection experiments suggest a high 
affinity (Dale, 1947). 

In the present state of knowledge one is justified 
in attempting an interpretation in terms of radicals 
and their recombination, but, as pointed out in the 
introduction, present views of the mechanism 
discussed in this paper may have to be modified 
in the future. 


The specificity of the deamination of amino-acids 
and other nitrogen-containing compounds 

As isshown in Table 1 the «-amino-acids—glycine, 
alanine and arginine—are deaminated to nearly the 
same extent, whereas histidine exceeds the average 
value. This larger value for histidine may either be 
due to a contribution from the glyoxaline part of the 
molecule, since glyoxaline itself yields a certain 
amount of ammonia on irradiation , or to a weakening 
of the strength of the C—N bond in the «-amino group 
through the vicinity of the glyoxaline or to both 
these causes. An amino group in the £-position 
(B-alanine) appears to be more resistant to deamina- 
tion. In the case of cystine and methionine, 
deamination takes place, but no further conclusions 
are drawn since the blank values were too high. 
When an equivalent amount of alkali is added to 
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glycine deamination remains at the normal level; 
however, a most striking effect on deamination is 
observed when an equivalent amount of acid is 
added to the solution of amino-acids and dipeptides. 
The ammonia yield then falls by about one third. 
Apparently the vicinity of the undissociated carboxyl 
group, which in the dissociated state shows a marked 
resistance to radiation (Dale, 1947), affects the 
strength of the C—N bond. The effect is masked in the 
case of histidine where the hydrochloric acid com- 
bines mainly with the basic group of the glyoxaline. 
The combination of two glycine molecules in ring 
form (glycine anhydride) considerably reduces the 
ammonia value, and similarly the peptide linkage in 
leucylglycine and diglycylglycine does not contribute 
to deamination, but glycylglycine appears to be an 
exception yielding more ammonia than glycine. The 
imino group in proline and the amino groups, 
combined with carbon dioxide in guanidine car- 
bonate or free in urea and thiourea, are either com- 
pletely inert or very nearly so. 

In the experiments with crystalline carboxy- 
peptidase, representing a highly purified protein, 
large blanks were obtained and the value of 9-1 yg. 
of NH,/ml. given in Table 1 is therefore not very 
reliable. 

Biological significance 


From the biological point of view the high ionic 
yield of deamination may be of importance. The 
deamination of amino-acids and proteins in vital 
regions is likely to have a toxic effect on cell functions 
and their co-ordination. It has been shown (Auer- 
bach & Robson, 1947; Lobashov, 1937) that am- 
monia vapour has a slight, but definite, mutational 
effect in Drosophila. The permeation of ammonia 
from outside to vital centres can only be incom- 
pletely achieved and the concentrations used ex- 
perimentally are limited by toxic effects on the 
whole organism. Radiation, however, will generate 
ammonia in these centres themselves and thereby 
produce a higher concentration than can possibly be 
achieved by diffusion from outside. 


APPENDIX* 
Calculation of ionic yields 


In calculating the ionic yield of the deamination 
process we need only take account of radicals 
formed along a single electron track. We consider one 
type of radical only and suppose that they diffuse 


* Note added in proof. Dr C. B. Allsopp recently sent 
us a manuscript by the late Dr Lea and himself, drafted 
in 1944, arriving at identical conclusions. The paper was 
not published because of insufficient experimental data at 
that time, but formed the basis of Fig. 4, p. 58, in Lea’s 
book (Lea, 1946). We thank Dr Allsopp for encouraging 
us to publish our appendix in its present form. 


Biochem. 1949, 45 


DEAMINATION BY X-RADIATION 


97 


away from their positions of formation until they 
are removed from the solution by either recombina- 
tion with another radical or by interaction with the 
solute. We suppose that the radicals are initially 
distributed in a column along the electron tracks in 
a manner similar to the charged ions so that the 
initial density of radicals at distance r from the axis 
of the column is given by the following equation 
(Jaffé, 1913; Kara-Michailova & Lea, 1940; Lea, 
1947): a 
n= nb? eé ’ 
where N, is the total number of radicals per unit 
length of track, and b a constant giving a measure 
of the initial radius of the distribution. 

The rate of loss of concentration of radicals is 
given by ae 

——= —D.V*n+an* + BCn, 
dt 

where C, D, « and B have the meaning as defined 


Z 
above; p= , where Z is the collision frequency 


between a radical and a solute molecule, p is the 
probability that a reaction occurs at any collision 
between radical and solute, and M is the average 
chain length, so that there is a chance of 1/M that 
the radical is lost per encounter; for a non-chain 
reaction M=1. If diffusion only takes place, the 
distribution of radicals remains gaussian, and we 
make the assumption, following Jaffé (1913), that 
the distribution also remains gaussian when loss of 
radicals occurs due to recombination and capture, 
though this distribution is not an accurate solution 
of the differential equation. Writing, therefore, 


3 N 
"= 7 (4Dt+b%) 
where N is the total number of radicals per unit 


length of track remaining at time ¢, we can substitute 
this value and integrate over the column to get 


aN - aN? 
i 94. pOn) Sarde =———____ 
dt [otc +i er =a 


2 
e- aDt+d*) 


+BCN. 


The total number of molecules of ammonia formed 
per unit length of track will be 


ao 
Pr | ZpCNdt, 
0 


where p, is the probability of liberation of ammonia 
following reaction with a radical. 

If we take the initial number of ion pairs per unit 
length of track to be N,/R (i.e. & radicals per ion 
pair) then the ionic yield J is given by 

ore 


o =N 
1=p, | ZpC — dt. 
e N 


We now have to solve N as a function of time. 
7 
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We have so far considered one type of radical only, 
but if two radicals (H and OH) are present, both of 
which react with the solute, the same equations are 
obtained, if we assume that the total numbers of both 
types decrease at the same rate, though they may 
have different spatial distributions. For the con- 
stants D and b? we now use the mean values of those 
for each radical and for « the total velocity constant 
for recombination by all processes. 

To solve the equations we make the following 
changes of variables: 


- 4D 
y=N/N), t= Be é+1, 
en _ aN 
and write = 35D’ 
Bb? 1 Zpb? 
= Q= ipo = M 4D 
The differential equation then becomes 
dy s 
me ay =P y + Qy, 
dx x 


with the initial condition y= 1 when #=1, and 
2 
1=p,kMQ | yda. 
1 
The differential equation is a Riccati equation (see 


Piaggio, 1933) and can be solved by making the 
substitution 


_& du 
~ Pu dx’ 
Bs d*u 1 du 
giving dat “S (; ~ @) a 0. 
du _ A 
This gives — e-Q, 
1is gives a? e 


where A is a constant, and therefore 
«© dx 

Uu=A | ee —+B, 
1 x 


where B is another constant. We therefore get 


x d. 
I pf oe 2 od 
shoe = ets [oe E cote, 
Y & 4 ee 1 x 
x 
since y= 1 when x= 1. 
Write 

; epee or 

—Ei(-—2)= e-*— 0Q<w (exponential integral). 
Jz x 


1 
Then - = Pe® [Ei(—Qz)—Ei(—Q)] +2, 
¥ 


A further integration gives the ionic yield 


e-Qz d. 
I=p,RMQ [ - 


P[Ei(—Qz)— Ei(—Q)] +e?" 
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Make a change of variable 
z=e-Ae-1), 
write s=e-9, 
and 
Li(z)= | , a O0<x<1_ (logarithmic integral), 
9 log x , 
so that Ei(—2) = Li(e-*), 
and Li(x) = Ei( —log 1/2), 


d 
then l=p,RM [+ : 


1+— [Lie _ Li(s)) 


The exponential integral is a tabulated function 
and the last substitutions were designed to get the 
ionic yield in a form so that the final integration can 
be carried out most conveniently. The integration is 
taken between definite limits 0 and 1, and the inte- 
grand is a monotonic function increasing to 1 at z=1. 

The relation between the ionic yield and the con- 
centration of solute is seen to contain three para- 
meters, P and constants multiplying I and C re- 
spectively, and their values must either be known 
or chosen to give the best fit with the experimental 
results. In the absence of any reliable data for the 
constants which are combined to form the para- 
meters, we have to adopt the latter alternative. 

The full line in Fig. 1 has been calculated using the 
following values for the parameters: 

1 Zpb? 


—*- = 2-24 ml./g. 


P=20, p,RM=60, — 
P1 M 4D 


The choice of P is fairly critical, values of 1 or 5 
giving definitely worse results. It is of interest to 
compare this value with that calculated from 





_ aN 

~ 82D’ 
taking a=4x 10-%cm.*sec.-1 
and D=4-5 x 10-5cm.?sec.—1, 


the mean of the H and OH diffusion constants (see 
Lea, 1947). We can assume 10° ion pairs per cm. of 
electron track and therefore the number of radical 
pairs per cm. N,, is R x 10°. The value of P is then 
2-1 if we take six effective radicals per ion pair, or 
0-35 if we take one. Since the constants can only 
be estimated approximately the agreement is 
satisfactory, and the shape of the experimental 
curve is therefore consistent with the recombination 
hypothesis. 

The high ionic yield can be accounted for equally 
well by assuming either about six effective radicals 
(three pairs) per ion pair, or a chain reaction with an 
effective chain length of six, or by a combination of 
the two. This is on the assumption that p, is 1, 
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smaller values of p, would require larger value of 
Ror M. One can only try to estimate the value of 
b, the initial radius of the column of radicals, by 
analogy with the results of ion recombination in 
gases. From these we would infer that we should 
use a value of about 2 x 10-7 cm., the value is low 
because we are using a columnar theory, whereas 
the ions (and probably also the radicals) are formed 
in clusters along an electron track (see Kara- 
Michailova & Lea, 1940). Using this value for b and 
Z=4x 10-"cm.sec.—1, we have to assume p = 0-003 
for the non-chain reaction, or p= 0-019 for the chain 
reaction, both cases therefore giving a low affinity 
of the radicals for the solute. 


SUMMARY 


1. Experiments are described showing the deami- 
nation by X-rays of some amino-acids and their 
derivatives, polypeptides and related nitrogenous 
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compounds. The relationship between the ionic 
yield and radiation dose has been studied in detail 
for glycine. The ionic yield rises from 0-3 to 2-9 for 
very dilute to nearly saturated solutions. The ionic 
yield for dry glycine was 2-96. 

2. An explanation of the high ionic yield with 
glycine is attempted in terms of the radical hypo- 
thesis assuming either a chain reaction or the 
formation of radicals by excitation in addition to 
charge neutralization. The continuous rise of the 
yield is interpreted as being caused by recombination 
of radicals competing with deamination even at the 
highest concentrations of glycine, due to a low 
affinity of glycine to radicals. The explanation 
offered, although consistent with the experiments 
described, is not wholly satisfactory in view of the 
radiation effects on thiourea. 

3. The biological significance of the results is 
discussed. 
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An Investigation of the Intracellular Fluid of Calf Embryo Muscle 


By A. H. GORDON, Biological Institute of the Carlsberg Foundation, Copenhagen 


(Received 2 February 1949) 


Van Slyke (1913) estimated the amount of amino 
nitrogen extractable with boiling water from the 
skeletal muscle of the dog. Very few attempts have, 
however, been made to estimate or even to identify 
the particular amino-acids present in the intra- 
cellular fluid of any tissue. The work on muscle has 
been summarized by Ussing (1943), who mentions 
estimations of arginine, histidine, cystine, glutamic 
acid, tyrosine and leucine plus valine. Since then 
Christensen, Streicher & Elbinger (1948) have 


estimated glycine and glutamine in guinea pig 
muscle. 

The present investigation concerns the substances 
in calf embryo muscle with molecules small enough 
to pass through a dialysis membrane ; these mixtures 
are also compared with similar ones obtained from 
adult ox muscle and serum. Embryo muscle was 
used because extracts of this material are employed 
to maintain the growth of tissue cultures; although 
the stimulating effect of embryo extracts may be due 
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only to the large molecules present (Fischer, Astrup, 
Ehrensvird & Mhlenschlager, 1948) it seemed of 
interest to try to ascertain whether there is any 
substance of low molecular weight detectable in 
embryo muscle but absent from that of the adult. 
The method used, that of partition chromatography 
on paper, while not suitable for quantitative estima- 
tions (with certain exceptions to be mentioned below), 
is particularly useful for an extensive survey. 





EXPERIMENTAL 


Investigations of intracellular fluids are made 
difficult by the fact that interference with the cell 
must undoubtedly lead to changes in its contents. 
Also the method used for the separation of the smaller 
from the larger molecules may have considerable 
effect on the results finally obtained. In the present 
work the tissue was minced and subjected to dialysis 
in the cold as described by Astrup, Ehrensvird, 
Fischer & Ohlenschlager (1947). This technique was 
chosen because it seemed less likely to cause chemical 
change than either denaturation of the proteins by 
boiling (Fuller, Neuberger & Webster, 1947) or 
extraction with trichloroacetic or picric acid 
(Christensen et al. 1948). It has the advantage over 
extraction with ethanol (Awapara, 1948) that there 
is no danger of the amino-acids being rendered 
insoluble or converted into esters. The chief dis- 
advantage of this technique is that some enzymic 
breakdown of the large molecules is bound to take 
place during the dialysis. This is probably rather 
small in the case of the muscle proteins as it has been 
shown by Greenstein & Leuthardt (1946) that this 
tissue is low in proteolytic enzymes. However, as it 
would clearly be undesirable to carry on dialysis for 
too long a period, complete separation of the small 
molecules is impracticable. 

When the solution obtained in this way was sub- 
jected to two-dimensional chromatography two spots 
which could not at first be recognized were obtained 
in that part of the chromatogram characteristic of 
acidic compounds. Therefore the original solution 
was fractionated on a column of Amberlite IR 4; 
both the substances responsible for the unknown 
spots were found to be retained and were thus 
separated from the neutral and basic amino-acids. 
Further investigation showed that the stronger of 
the two spots was due to aminoethylphosphate, 
a substance which had not previously been recog- 
nized as occurring in embryo muscle (Outhouse, 
1937). The properties of the substance responsible 
for the other spot corresponded with those to be 
expected for a phosphoric ester of hydroxylysine. 
While the structure of this amino-acid has not yet 
been fully clarified (Van Slyke, Hiller, MacFadyen, 
Hastings & Klemperer, 1940) it is of interest that 
aminoethanol could be obtained from either of the 
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suggested structures by fission at the linkage 
between the y- and 6-carbon atoms. For convenience 
the hydroxylysine-containing compound of the 
muscle extract will subsequently be referred to as 


hydroxylysinephosphate. As hydroxylysine has not - 


previously been reported in combined form this 
substance has been further investigated. A pre- 
liminary report of its occurrence has already 
appeared (Gordon, 1948). 

An attempt at a quantitative estimation of 
aminoethylphosphate and hydroxylysinephosphate 
has also been made by taking advantage of the ease 
with which these substances can be separated from 
other phosphorus-containing compounds and from 
one another on one-dimensional paper chromato- 
grams. These analyses were performed on the 
fractions obtained from the Amberlite chromato- 
gram, thus obviating the need to subtract the in- 
organic phosphorus which remained absorbed on the 
Amberlite until the final treatment with acid. Three 
fractions containing aminoethylphosphate and 
hydroxylysinephosphate were estimated separately 
so as to get information on the order of elution of 
these substances from the Amberlite. Each paper 
strip was cut up and eluted by the technique of 
Consden, Gordon & Martin (1947), guide chromato- 
grams being used for the location of the spots. It 
would be simpler to treat the whole chromatogram 
with ninhydrin, but in the present work guides were 
used as a convenient means of keeping down the 
amounts of extraneous phosphorus in the eluates. 


Preparation of material. As much as possible of the skeletal 
muscle was removed from a calf embryo weighing approxi- 
mately 4kg. After mincing, this weighed 622 g. An equal 
volume of water was added and the mixture was placed 
inside a cellophan tube and was allowed to dialyse with 
rocking at 5° against 2-41. of water for 20 hr. The solution 
outside the membrane was then removed (solution 1), 
replaced by a further 2-4 1. of water, and the dialysis repeated 
(solution 2). After solutions 1 and 2 had been concentrated 
in vacuo below 40°, estimations of N by micro-Kjeldahl, and 
of total and inorganic P by the method of Kuttner & Lichten- 
stein (1932) were made. The results are shown in Table 1. 
Solutions 1 and 2 were then combined and will be referred to 
as the embryo muscle dialysate. 


Table 1. Nitrogen and phosphorus obtwined 
by dialysis of embryo mince 


Phosphorus (mg. P) 


Nitrogen o_o! 

(mg.N) Inorganic Organic 
Solution 1 393 100 88-0 
Solution 2 214 72:5 34:3 
Total 607 172-5 122:3 


Two-dimensional chromatography of embryo muscle dialy- 
sate. Most of the inorganic,salts present were removed from 
part of the above solution by the electrodialytic method of 
Consdenet al. (1947). Anamount of thesolution thus obtained 
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containing 0-52 mg. N was subjected to two-dimensional 
chromatography using phenol for 17hr. followed by 
s-collidine for 42 hr. The experimental conditions were the 
same as those described by Consden, Gordon & Martin (1944), 
except that 0-003 % (w/v) of 8-hydrotyquinoline was added 
to the phenol, and coal gas was omitted. Whatman no. 4 
filter paper was always used. A solution of 0-3% (w/v) NH, 
in the aqueous phase was employed at the bottom of the 
chamber for all the chromatography in phenol described in 
the present paper, except where an atmosphere containing 
acetic acid was used. Previous trials, in which the order of 
the solvents was reversed, gave much inferior results, con- 
firming the observations of Dent (1947) with mixtures of 
this kind. The resulting chromatogram is shown in Fig. 1. 

As a check on the identification of certain spots some of 
the muscle dialysate was made 6N with HCl and refluxed for 
21 br. After removal of the HCl in vacuo a similar two- 
dimensional chromatogram was prepared. 


s-Collidine 





Fig. 1. Two-dimensional chromatogram of calfembryo muscle 
dialysate. Developed for 17 hr. in phenol followed by 
42 hr. in s-collidine. For explanation of the spots see 
Table 2. 


Preparation and chromatography of adult ox muscle dialy- 
sate. A specimen of muscle from a fully grown animal was 
minced and extracted as described above for the embryo 
muscle. After removal of salt, a similar two-dimensional 
chromatogram was prepared from an amount of solution 
containing 0-94 mg. N; this rather large amount of material 
was used in order to show up any traces of hydroxylysine- 
phosphate which might have been present. 

A spot which appeared in the position expected for gluta- 
thione was easily separable from all other spots on a one- 
dimensional chromatogram using phenol, and hence it could 
conveniently be investigated by the elution technique of 
Consden et al. (1947). The eluate from a chromatogram 
developed in this way was hydrolysed, brominated and 
reinvestigated on a second one-dimensional chromatogram 
using phenol. 
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Preparation and chromatography of adult ox serum dialy- 
sate. The blood of an adult animal was defibrinated by 
stirring and the erythrocytes were removed by centrifuga- 
tion. The serum thus obtained was dialysed as described 
above. After removal of salt from the material which had 
passed through the membrane, a similar two-dimensional 
chromatogram was prepared using 0-53 mg. N. The spots 
observed on the various two-dimensional chromatograms 
are recorded in Table 2. 


Table 2. Strengths of spots observed on two-dimensional 
chromatograms of calf embryo muscle dialysate 
(0-52 mg. N), adult ox muscle dialysate (0-94mg.N) 
and adult ox serum dialysate (0-53 mg. N) 


(As the various amino-acids give different amounts of 
colour with ninhydrin, uncorrected comparisons are only 
valid for the same amino-acid. For the minimum amounts 
of each amino-acid visible by means of ninhydrin on paper 
see Pratt & Auclair (1948). The numbers in brackets after 
each amino-acid spot observed on the embryo muscle 
chromatogram refer to the spot numbers in Fig. 1.) 


Strength Embryo Adult Adult 
of spot muscle muscle serum 
Very Alanine (9) Alanine Alanine 
strong Glutamic acid (4) Glutamic acid Glycine 
\ Glycine (6) Taurine Leucine + iso- 
leucine 
Strong Aminoethylphos- Carnosine Glutamicacid 
phate (5) Glutamine Lysine 
Glutamine (8) Glutathione Valine 
Taurine (11) Glycine 
Leucine + iso- 
leucine 
Medium {-Alanine (12) Aspartic acid Aspartic acid 
Aspartic acid (3) Lysine Arginine 
Carnosine (19) Serine Glutamine 
Leucine + iso- Valine Proline 
leucine (22 Serine 
Weak Arginine (18) B-Alanine y-Amino- 
Lysine (17) Arginine butyricacid 
Phenylalanine Methionine Methionine 
(23) sulphoxide sulphoxide 
Hydroxylysine- Aminoethyl- Phenylala- 
phosphate (1) phosphate nine 
Proline (20) Proline Taurine 
Serine (7) Tyrosine Threonine 
Tyrosine (24) Tryptophan 
Valine (21) Tyrosine 
Very a-Aminobutyric Phenylalanine «-Aminobuty- 
weak acid (14) ric acid 
y-Aminobutyric Histidine 


acid (15) 
Glutathione (2) 
Hydroxyproline 

(13) 
Methionine 

sulphoxide (16) 
Threonine (10) 


Chromatography of embryo muscle dialysate on Amberlite 
IR4. The method employed was the same as that of Consden, 
Gordon & Martin (1948) except for certain simplifications. 
Thus the Amberlite was used in the form obtained from the 
manufacturers without preliminary grinding and sieving. 
After alternate treatments with dilute HCl and NH, the 
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excess acid was removed from the chromatogram by elution 
with distilled water. Using a column 32 x3-7 cm. this 
required about 5 days, the column being ready for use when 
the eluate became 0-0013N (ascertained by titration). 

Embryo muscle dialysate (50 ml.) containing 404 mg. N 
was applied to the chromatogram at a rate of not more than 
150 ml./hr. After it had run in, it was followed by water at 
the same rate. Fractions were collected as shown in Table 3, 
the last fraction being eluted with 11. of N-HCl. Each 
fraction was concentrated in vacuo and estimations made of 
N and of inorganic and total P. One-dimensional chromato- 
grams using phenol were also developed from samples of each 
fraction, salt having been removed electrodialytically from 
fraction 1. The results shown in Table 3 indicate that 
aminoethylphosphate and hydroxylysinephosphate, under 
these conditions, are somewhat absorbed on Amberlite, 
although not so much as are aspartic and glutamic acids. In 
a preliminary experiment it was found that a similar 
chromatogram will separate hypoxanthine from most of the 
neutral amino-acids. The large white precipitate obtained on 
concentrating fraction 2 of the present experiment probably 
consisted mainly of this substance. 





Further investigation of fractions from 
the Amberlite chromatogram 


Phosphorusestimations on eluates from paper chromatograms. 
20 pl. of each of fractions 2, 3 and 4 containing respectively 
48-5, 28-4 and 20-8 yg. P were developed on one-dimensional 
paper chromatograms using phenol for 17 hr. After drying, 
the chromatograms were cut up and eluted as described by 
Consden et al. (1947) except that about 1 ml. of water was 
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allowed to run through each cut directly into a tube suitable 
for incineration. The P estimations were done as described 
by Kuttner & Lichtenstein (1932), except that half quantities 
of each reagent were used. The results are shown in Table 4, 
In order to indicate the limitations of the method the small 


amounts of P which originate from the paper have not been’ 


subtracted from the figures in columns 3, 6 and 9 of Table 4. 
Control experiments showed that an average of 0-05 yg. P 
could be eluted froma 1 x 10cm. piece of Whatman no. 4 filter 
paper, down which nothing but the solvent has passed. If 
this correction is made, recoveries of 85, 101 and 93% are 
obtained by summing the P eluted from the whole of each 
chromatogram. In a control experiment on a sample of 
aminoethylphosphate (kindly supplied by Dr C. E. Dent) 
applied to a similar chromatogram, a recovery of 97% was 
obtained, using the same corrections. 


Qualitative investigations of aminoethylphosphate 
and hydroxylysinephosphate 


The materials used were eluted from one-dimensional 
chromatograms similar to those used for the quantitative 
investigation described above. In order to obtain a larger 
amount, 0-3 ml. of fraction 3 was applied to a sheet of paper 
48 cm. wide. Only the cuts which were expected to contain 
aminoethylphosphate or hydroxylysinephosphate were 
eluted. The solution of the latter obtained in this way was 
further purified by a similar chromatographic procedure in 
which n-butanol containing 20% of acetic acid was used 
instead of phenol. In a second experiment s-collidine was 
substituted for n-butanol-20% acetic acid, without notice- 
ably affecting the product. 


Table 3. Fractions obtained from embryo muscle dialysate by chromatography on Amberlite IR 4 


Fraction 
—__——— ——_—e__Seeeeey 
Volume of eluate (ml.): 1 2 3 4 5 Total 
Water 500 240 1640 360 — 2740 
n-HCl _— _ — — 1000 1000 
Nas % of total N 73-8 6-9 2-8 1-0 8-7 93-2 
Inorganic P as % of total inorganic P — — — o= 91-4 91-4 
Organic P as % of total organic P 7-0 1-4 11-4 1-4 72-7 93-9 
Substances identified by chromatography on paper: 
Hydroxylysinephosphate _ V.weak Medium Weak “= — 
Aspartic acid — — — = Weak _ 
Glutamic acid V. weak V. weak Strong V.strong  V. strong _ 
Aminoethylphosphate —_— V.weak Medium Weak —- — 
Neutral and basic amino-acids V. strong V.weak Vz. weak — — _ 
Table 4. Amounts of phosphorus eluted from cuts from paper chromatograms 
Fraction 2 Fraction 3 Fraction 4 
——— a sh A 
Pas % of Pas % of Pas % of 
Breadth, P total Breadth r total Breadth P total 
Cut no. (cm.) (ug.) organic P (cm.) (ug) organic P (cm.) (ug.) organic P 
1 4-1 18 0-1 3-7 1-9 0-7 3-8 1-8 0-1 
2 3-6 1-8 0-1 2-8 1-0 0-3 2-6 0-7 0-0 
3 4-4 13-1 0-4 4-9 6-0 23 4-6 4-4 0-3 
4 4:5 0-8 0-0 3-1 0-5 0-1 2-9 0-3 0-0 
5 8-8 12-9 0-4 5-8 13-0 5-1 75 10-7 0-7 
6 8-0 0-0 0-0 8-0 0-4 0-0 8-2 0-6 0-0 
7 9-0 0-4 0-0 8-3 0-6 0-1 _ 8-0 0-3 0-0 
ae 9-0 13-4 0-4 8-3 7-5 2-8 8-0 2-8 0-2 
Total 51-4 44-2 1-4 44-9 30-9 11-4 45-6 21-6 1:3 
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Enzymic hydrolyses. The enzyme used was the phosphatase 
of dog faeces, purified according to Armstrong (1935), stages 
A and B, and subsequently dialysed. It was allowed to act 
for 3 hr. at 40° on each of the above eluates (approximately 
10 ug. of enzyme/yg. P). The pH of each solution was 
adjusted to 8-8 with NH,. After drying in vacuo the products 
were investigated on one-dimensional chromatograms using 
phenol, phenol +0-003% 8-hydroxyquinoline in an acidic 
atmosphere (5% acetic acid at the bottom of the chamber) 
and s-collidine as solvents. The Ry values of the spots due to 
the original substances and those due to their hydrolysis 
products are shown in Table 5. 


Table 5. Ry values of certain phosphorus- 
containing substances of calf embryo muscle 


Solvent Phenol Phenol _ s-Collidine 
Addition ... 0-003 % 0-003 % 
8-hydroxy-  8-hydroxy- 
quinoline+ quinoline + 
03% NH; 5%aceticacid 
Hydroxylysine- 0-12 0-17 0-0 
phosphate 
Hydroxylysine 0-66 0-22 0-14 
Aminoethyl- 0-31 0-39 0-05 
phosphate 
Aminoethanol Front 0-67 0-22 


The nature of the amino-acid set free from hydroxylysine- 
phosphate was further checked by admixture with a 
specimen of hydroxylysine kindly made available by 
Dr J. G. Heathcote. No separation could be obtained using 
any of the above solvents. The identity of the amino- 
ethylphosphate was similarly checked both before and after 
hydrolysis with the enzyme, against a specimen kindly 
supplied by DrC. E. Dent. Again no separation was obtained. 
As can be seen from Table 5 the difference between the Rp 
values of hydroxylysine and hydroxylysinephosphate in 
phenol-5 % acetic acid is too small for complete separation 
to be easily possible. The results of such chromatography of 
samples of hydroxylysinephosphate after treatment with 
the phosphatase were often difficult to interpret since more 
than one spot could usually be observed which had moved 
more slowly than hydroxylysine and was incompletely 
separated from it. However, when a sample of hydroxyly- 
sinephosphate, treated with the phosphatase under the con- 
ditions described above, was developed on a two-dimensional 
chromatogram using phenol-5% acetic acid for 17 hr. 
followed by phenol-0-03 % NH, for 17 hr., only one spot was 
observed. This had the expected Ry values for hydroxylysine. 

Acid hydrolysis. Small amounts of the aminoethylphos- 
phate and hydroxylysinephosphate were hydrolysed at 
100° for 24 hr. in6N-HCl asdescribed by Consden et al. (1947). 
After removal of HCl, chromatography of the hydrolysate of 
aminoethylphosphate showed only spots corresponding 
to unchanged material and aminoethanol. From hydroxy- 
lysinephosphate were formed only spots corresponding 
to unchanged material and hydroxylysine and in phenol- 
acetic acid a faint spot (R, 0-07) of unknown origin. 


RESULTS AND DISCUSSION 


Although the full characterization of the substance 
referred to in the present paper as hydroxylysine- 
phosphate must await its isolation, perhaps from 
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a tissue in which it occurs in higher concentration, 
its presence in embryo and its absence from adult 
muscle remains the most interesting finding of the 
present work. How little hydroxylysinephosphate 
can be present in the adult muscle is indicated by 
the failure to obtain a spot due to this substance 
even though considerably more than the usual 
amount of the dialysate was used for this chromato- 
gram. It is also of interest that while a spot due to 
aminoethylphosphate was formed from both the 
muscle extracts, that from the embryo was much the 
strongest. Neither of these substances was detectable 
in the serum of an adult animal. Rather strong spots 
due to aminoethylphosphate, but none due to 
hydroxylysinephosphate, were observed on chro- 
matograms of similar dialysates made from Rous 
sarcoma (Mill Hill) and from Ehrlich mouse sarcoma. 
(The dialysis and chromatography of these two 
sarcomas was done by Ing. R. Stjernholm to whom 
thanks are due.) 

The glutathione spot formed from the embryo 
muscle was very weak in contrast to that formed 
from the adult muscle. When the latter was separated 
and hydrolysed as described above, the hydrolysate 
on further chromatography yielded only spots due 
to glutamic acid, glycine and cysteic acid (from 
cystine). Thus the occurrence of serinephosphate, 
which has almost identical Ry, values with gluta- 
thione in both solvents, was excluded. Not sur- 
prisingly, carnosine was absent from serum, but 
present in considerable amounts in both the tissue 
dialysates. Strong spots due to taurine were formed 
from both the tissue dialysates, while a weak spot 
appeared on the serum chromatogram. A spot due 
to this substance has been observed by Dent (1948) 
on chromatograms of human plasma. 

Turning now to the «-amino-acids, it is noticeable 
that the concentration of leucine and/or isoleucine, 
valine and lysine in the embryo muscle dialysate is 
relatively low compared with the concentration of 
these amino-acids in serum. An intermediate amount 
seemed to be present in the adult muscle dialysate. 
On the other hand, glutamic acid and glutamine are 
rather stronger in the tissue dialysates than in the 
serum. 

Very weak spots were detected on the chromato- 
grams of embryo muscle extract and adult serum in 
the positions to be expected for a- and y-amino- 
butyric acids. Also a weak spot, probably due to 
methionine sulphoxide, was observed on all three 
two-dimensional chromatograms. Dent (1948) has 
observed similar spots on chromatograms of various 
natural mixtures, and has checked their identity by 
the addition of known samples of each substance. 
However, until these substances have been isolated 
and fully characterized their recognition must 
remain somewhat tentative. In the present work 
such checks were not made. Confirmation was 
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obtained of the stability of the various substances 
towards acid by chromatographic examination of 
a sample of the embryo dialysate which had been 
refluxed for 17 hr. with 6N-HCl. Only the spots due 
to glutathione, glutamine and carnosine had dis- 
appeared. 

Needham (1931) has summarized many investiga- 
tions of the concentration of amino N in the blood 
of human and rabbit embryos. The amounts present 
were always rather greater than in the corresponding 
maternal blood. Although this work does not seem 
to have been extended to the tissue fluids of the 
embryo it is likely that these also must contain 
higher concentrations of amino-acids than do the 
maternal tissues. Even if such differences are shown 
to be the case it seems likely that they will be much 
smaller than the corresponding differences of con- 
centration of hydroxylysinephosphate and amino- 
ethylphosphate noticed in the present investiga- 
tion between embryo and adult ox muscle. The only 
quantitative estimations of these substances so far 
attempted have been carried out on the fractions 
obtained from the embryo muscle extract after 
chromatography on Amberlite IR 4. If the amounts 
of P believed to be due to hydroxylysinephosphate 
in the various fractions are summed, it appears that 
this compound represents 3 % of the organic or 1% 
of the total P of the embryo muscle dialysate. 
Similarly, aminoethylphosphate represents 6% 
of the organic or 2% of the total P. If unknown 
P-containing substances have moved at similar rates 
on the chromatograms used, these figures will of 
course be too high. That any correction would be 
small, however, is suggested by an experiment in 
which hydroxylysinephosphate, after elution from 
a phenol chromatogram, was rechromatographed 
using n-butanol-20% acetic acid; on elution of 
appropriate sections of the second chromatogram 
no separation of P from the hydroxylysinephosphate 
was found. 

In order to calculate the total quantities of these 
substances present in the muscle of the original 
embryo, account must be taken of the fact that the 
dialysis was not taken to completion. An indication 
of the proportion of the low-molecular-weight sub- 
stances actually obtained can be gained from Table 1 
which gives the amounts of N and P passing through 
the membrane after the successive periods of dialysis. 
Thus, if it is assumed that the same proportion of the 
N would have passed through the membrane if the 
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solution had been subjected to further successive 
dialyses, it appears that some 70% of the non- 
protein N was removed from the mince. On asimilar 
assumption 67% of the available P was obtained. 
The considerably higher proportion of inorgani¢ 
P obtained during the second period of dialysis is an 
indication of the rapid breakdown of organic phos- 
phates which was taking place. 

One of the objects of the present work was to test 
the effect on tissue cultures of any substance found 
to occur only in embryo muscle. This has not yet 
been attempted with the fractions containing hydr- 
oxylysinephosphate, but as aminoethylphosphate 
seemed to be so much more concentrated in the 
embryo muscle dialysate than in the adult, it was 
subjected to test. The system used was the usual one 
of Fischer & Astrup (1942) employing chick heart 
fibroblasts grown in a Carrel flask. Using the 
synthetic aminoethylphosphate+ cystine, glycine 
and glutamine, excellent growth was obtained. 
Further experiments would be necessary to decide 
whether aminoethylphosphate is more than simply 
a good source of P for tissue cultures. 


SUMMARY 


l. The amino-acids and peptides of the intra- 
cellular fluids of calf embryo muscle have been 
examined by two-dimensional chromatography on 
paper and compared with similar mixtures from 
muscle and serum of the adult animal. 

2. After removal of basic and neutral substances 
by chromatography on Amberlite IR4 the acidic 
components were fractionated by one-dimensional 
paper chromatography. Sections corresponding to 
the spots observed on treatment with ninhydrin 
were eluted and the eluates were analysed for 
phosphorus and further examined. 

3. Hydrolysis and repeated chromatography of 
these eluates indicated that aminoethylphosphate 
and hydroxylysine in a form combined with phos- 
phorus are present. The former substance was found 
to represent 2 % and the latter 1 % of the dialysable 
phosphorus of the minced muscle. 


I wish to thank Dr Albert Fischer for suggesting this 
problem and also for hospitality in his laboratory. This work 
was supported by the Donner Foundation to whom thanks 
are due. 
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Ozaki (1927) found that rats fed on diets containing 
20 % oleic acid gained weight, whereas rats on diets 
containing similar amounts of palmitic or stearic 
acids lost weight. These weight changes indicate 
differences in the metabolism of oleic acid as com- 
pared with that of the saturated fatty acids. 
Channon & Wilkinson (1936) have shown that on 
low-protein, high-fat diets, lipid accumulation in 
the liver of the rat varies directly with the pro- 
portion of saturated fatty acids in the dietary fat; 
their fatty liver-producing diets were deficient in 
choline and accumulation of fat was prevented by 
choline. It was suggested that choline was involved 
in the desaturation of fatty acids. The differences in 
accumulation of fat may have been due to different 
phospholipin turnover rates determined by the 
varying supply of saturated fatty acids. 

In the experiments reported in this paper low- 
protein diets containing pure palmitic and oleic acids 
were fed to rats in such a way as to eliminate effects 
due to different food intakes or absorption coefficients 
of the fatty acids. An attempt was made to correlate 
the different lipid accumulations with differences in 
liver phospholipin turnover rates. 


METHODS 


Male albino rats of the Wistar strain were used. All animals 
were bred by sister-brother matings from a single pair. The 
starting weight chosen was 150 g. as younger animals showed 
excessive weight loss, and some died on the palmitic acid 
diet described in Table 1. The complication of an additional 
requirement for lipotropic factors for growth was also more 
likely to be avoided at this weight. 

In a preliminary experiment to determine the percentage 
absorption of pure oleic and palmitic acids when fed at a level 
of 27%, it was found that 70% of the ingested palmitic 


acid, and 90% of the oleic acid were absorbed. The pro- 
portions of fatty acid and cellulose powder in the two diets 
were therefore adjusted so that for both groups of animals 
the amounts of fat absorbed and the values of the diets as 
sources of energy were the same. 


Table 1. Composition of fatty acid diets 


Oleic acid Palmitic acid 

diet diet 
Casein (Labco) (%)* 8 8 
Fatty acid (%) 21 27 
Glycerol (%) 3 3 
Sucrose (%) 50 50 
Yeast (% 5 5 
Salts (%)t 5 5 
Cellulose powder (%)t 8 2 


* When choline supplements were given the casein was 
sprayed with a solution of choline chloride to give 30 mg. 
choline/10 g. diet. 

+ NaCl, 22 g.; CaHPO,.H,O, 130 g.; potassium citrate, 
125 g.; MgSO,.7H.0, 30 g.; ferric citrate, 5 g.; 0-7 g. of 
trace mixture (KI, 12 g.; NaF, 10 g.; MnSO,, 2 g. Cu,|,, 
1 g.; KAK(SO,),, 1g.; ZnSO,.7H,0, 1g. de Loureiro, 1931). 

t Grade A, 100 mesh ‘solka floc’; a highly purified 
cellulose powder obtainable from Johnsen, Jorgensen and 
Wettre Ltd., London. 


Animals were starved for 24 hr. and then placed on the 
diets for 12 days. The palmitic acid diet was not eaten so 
readily as the oleic acid diet and therefore approximate pair 
feeding between litter mates was adopted. Controls were 
fed ad lib. on a stock diet consisting of skimmed milk powder, 
20%; ground yellow maize, 18%; rolled oats, 15%; barley 
meal, 15%; biscuit meal, 15%; wheat germ, 5%; palm 
kernel oil, 5%; dried yeast, 5% and bran, 2%. Each animal 
received 10 ye. of **P as Na,H**PO, in distilled water by 
intraperitoneal injection, and was killed by decapitation 
4 hr. later. In order to reduce the effect of recently ingested 
fat on the specific activities of liver phospholipins, food and 
water were removed from theanimals4 hr. before theinjection 
of 2P, (Specific activity (SA)=% injected **P/mg. phos- 
phorus.) 
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Livers were homogenized with anhydrous Na,SO, and 
extracted twice with ethanol and three times with 2:1 
ethanol-ether in a small blender and re-extracted with 
light petroleum. Phospholipins were precipitated with MgCl, 
and acetone. Amounts of phospholipins were estimated by 
multiplication of the amounts of phosphorus by 22-7 (Artom 
& Fishman, 1943a). Inorganic phosphate was extracted 
from the livers by the method of Kaplan & Greenberg 
(1944a, b). Choline-containing phospholipins were separated 
by the method of Taurog, Entenman, Fries & Chaikoff (1944) 
and phosphorus was estimated by reduction of phospho- 
molybdate with sulphite-quinol. The percentage choline- 
containing phospholipin was obtained from the ratio of 
eluted to total phosphorus. Iodine numbers were estimated 
by Yasuda’s (1931) method and cholesterol and cholesterol 
esters by the method of Popjak (1943). 

Radioactivities were determined with a G.T. 11 type G.M. 
tube arranged as an immersion counter, with Neher-Harper 
extinction and feeding into a Type 200 scaling unit. 

All analyses were carried out in duplicate. 


RESULTS 
Weight loss and lipid accumulation 


Animals pair-fed on the oleic and palmitic acid diets 
lost weight in both groups. The animals fed on oleic 
acid lost weight in inverse proportion to the amount 
of food consumed (r= — 0-791, n!=16, p=0-0001, 


Weight loss (g.) 





30  40—:—i S00 00s 0s 0 
Food consumption (g.) 


Fig. 1. Relation between total food consumption and loss of 
body weight for rats fed diets containing oleic and palmitic 
acids. The lines of regression have significantly different 
regression coefficients; z (palmitic) = —0-012, z (oleic) 
=—1-074; n!=36, p=0-005; @=palmitic acid-fed 
animals; x =oleic acid-fed animals. 


all statistical symbols are those used by Fisher, 
1944), whereas the weight loss in the animals fed 
palmitic acid was not related to food consumption 
(r= —0-012, n4=20). All animals fed palmitic acid 
had similar weight losses, irrespective of the amount 
of liver lipid accumulation. Litter mates, fed the 
diets with and without choline supplementation, lost 
the same weight. 
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The animals fed palmitic acid drank on an average 
25 % less water than those fed oleic acid, but excreted 
less urine. The difference between water intake and 
urinary excretion was the same in both groups, and 
therefore could not have contributed to the weight , 
loss. 

Analyses of water and fat contents of eviscerated 






carcasses and skins were done on six animals from g 
each dietary group. It can be seen from Fig. 2 that a 
the palmitic acid-fed animals lost approximately a 
10 g. of fat over the 12-day feeding period, inde- 1 

pendently of the food eaten, whereas the oleic acid- 
fed animals lost from 0 to 10 g. of fat, depending on ti 
the food consumption. The ratio of non-fat solids to tl 
water was the same for all groups. b 
ti 
St 

2 
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a 
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Food consumption (g.) | 

Fig. 2. Relation between total food consumption and the fat 
content of eviscerated carcasses of rats fed diets containing p 
oleic and palmitic acids. The lines of regression have 4 
significantly different regression coefficients; z (palmitic) | t 
= —0-295;z (oleic) = + 1-83; n! =12,p =0-01; @ =palmitic te 


acid-fed animals; x =oleic acid-fed animals. 


Table 2 shows that in the earlier experiments, 
a large and remarkably constant accumulation of 
fat in the liver was obtained with palmitic acid 
feeding. In the oleic acid-fed animals a smaller and 
more variable amount of fat accumulated. A sudden 
change occurred in the fifth generation of rats; there 
was no accumulation of fat in the livers of litter 
mates of the fifth generation fed diets containing 
oleic or palmitic acid with or without choline supple- 
ments. A single litter among the earlier rats had 
already shown signs of this tendency. 


<a 
eae = 6 
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A choline supplement was only fed to animals of % 
the fifth generation. There is, therefore, no evidence : 
to show that choline would have cleared the lipid fi 


accumulations of the animals in the earlier experi- 
ments. However, feeding palmitic acid and choline 
did reduce the percentage of fat in the liver to a level 
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lower than that of control animals on the stock diet 
(t= 4-26, n1=19, p=0-001). This effect wasnot found 
in the animals fed oleic acid and choline. 

There was no correlation between the percentage 
of fat in the liver and weight loss or food consumption 
in any group. 

Average values of iodine numbers of liver tri- 
glyceride after 12 days feeding were 75 for palmitic 
acid-fed animals (irrespective of the extent of lipid 
accumulation), 110 for oleic acid-fed animals and 
130 for control animals. 

Fat accumulation was accompanied by propor- 
tional increases in ester cholesterol, irrespective of 
the nature of the dietary fat. A constant relationship 
between ester cholesterol and the deposition of liver 
triglyceride has been found by Best, Lucas, Patter- 
son & Ridout (1946). 


Table 2. Litter variations in total liver lipids 


(Values expressed as % fresh weight.) 


Palmitic Oleic 
No.of acid-fed No.of acid-fed 
animals animals animals animals 
Litters of third 8 20-70 10 8-72 
and fourth s.E. =0-590 s.E.=0-910 
generation 
Isolated litter of 3 11-70 2 5-95 
fourth 8.E. = 1-23 S.E. =0-350 
generation 
Litters of fifth 9 6-84 2 6-20 
generation 8.E. =0°530 S.E. =0-360 


s.E. =standard error of mean. 


Estimation of rate of turnover of 
phospholipin phosphorus 


The ratio, specific activity of phospholipin phos- 
phorus/specific activity of inorganic phosphate at 
4hr. which is a function of the percentage rate of 
turnover of the phospholipin molecules, is referred 
to subsequently as ‘relative specific activity’ 
(Hevesy, 1938). The total amount of any metabolite 
turned over in a given time depends on the number 
of molecules present and their percentage turnover 
rate. As a measure of this total turnover rate, the 
product of the amount of metabolite and its relative 
specific activity may be employed and is referred to 
in this paper as ‘total relative activity’. 

A preliminary experiment was done to assess the 
true percentage molecular turnover rate of total 
and choline-containing phospholipin phosphorus in 
rats of the weight and strain used in this experiment. 
In attempting to estimate the true rate of renewal 
of phospholipin phosphorus, other workers have 
employed a method of constant intravenous per- 
fusion with a solution of radioactive phosphate, with 
the intention of keeping the specific activity of the 
inorganic phosphate constant throughout the ex- 
periment. Estimates of the turnover rate of phos- 
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pholipin phosphorus have been based on the 
relationship between the specific activity time 
curves of **P in phospholipins and that of **P in 
inorganic phosphate. This method is inconvenient 
in practice and therefore a method using a single 
injection of **P was devised. While the present work 
was in progress a similar procedure was described 
by Bollman, Flock & Berkson (1948). Male rats 
(150 g.) were maintained for 8 days on a diet of 50% 
sucrose, 22 % casein, 12 % lard, 5% yeast, 5% salt 
mixture, 5 % cellulose powder and adequate supple- 
ments of concentrated vitamins A and D. Vitamin 
E was not given. These animals received injections 
of Na,H**PO, and were killed at 0-5, 1, 2, 4, 6 and 
8 hr. intervals after injection. Food and water were 
removed from all animals 4 hr. prior to the injection 
of the first animal. From the measured time curve 
of specific activity of liver inorganic phosphate, 
theoretical curves for specific activities of phospho- 
lipin phosphorus were obtained for different selected 
percentage molecular turnover rates by the following 
procedure. The mean value of specific activity of 
inorganic phosphate over the first half-hour period, 
[SA PO,]$*™, was measured from the phosphate ~ 
activity \curve. The assumption was made that 
freshly synthesized phospholipin molecules con- 
taining **P are as available for degradation as the 
original non-active phospholipin (Chaikoff, 1942). 
If the immediate precursor of phospholipin is taken 
to be in rapid equilibrium with either the inorganic 
phosphate or the phospholipin, an estimate of the 
specific activity of the latter at the end of the first 
half hour [SA PL] oy, can be obtained from the 
following equation 


[SA PL] os wr. 
_ {{100— APL] x 0}+ {APL x [SA PO,]9°""} 
7 100 ' 


where APL =the percentage of phospholipin phos- 
phorus atoms renewed in 0-5 hr. Then the specific 
activity at the end of the nth 0-5 hr. 


[SA PL], 
{{100—APL]x [SA PL],_,} 
+{APL x [SA PO,]"_,}. 
100 


A theoretical curve of liver phospholipin specific 
activity for a selected percentage molecular turn- 
over of 25 % in 4 hr. was found to be the best fit to 
the practical curve, and is shown together with the 
latter in Fig. 3. The measured specific activity-time 
curves for total and choline-containing phospho- 
lipins were in close agreement. 

If phosphate enters and leaves the molecules at 
the same rate as the fatty acid components, then 
a renewal of 25% of the phosphate in 4 hr. means 
that 100 mg. of phospholipin is concerned in the 
metabolism of 97-5 mg. of fatty acid or 108 mg. of 
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triglyceride/day. Allowing for the normal variation 
in percentage molecular turnover rates, differences 
of 30% in fatty acid metabolism by the phospho- 
lipins, i.e. about 30 mg./day, should be detectable. 





25 


20 


% Injected "P/mg. phosphorus 





Time after injection (hr.) 


Fig. 3. Specific activity-time curve for liver inorganic phos- 
phate and total phospholipin phosphorus; —@®—=in- 
organic phosphate; —A—=total phospholipin phos- 
phorus; —— x -—-=theoretical curve for a turnover of 25% 
of phospholipin phosphorus in 4 hr. The curve for choline- 
containing phospholipin phosphorus is not shown as it 
closely approximated to the curve for total phospholipin. 


The effects of diet on phospholipin turnover rates 


A significant correlation between the specific 
activity of liver imorganic phosphate and the 
amount of lipid/unit of dry defatted liver weight has 
been found (r=0-309, n!=42, p=0-05). Table 3 
shows that this relationship was independent of the 
type or amount of fat ingested. Specific activities 
of the liver inorganic phosphate were not correlated 
with the final body weight, and therefore the 
differences in specific activity are unlikely to be 
related to changes in plasma volume. 

There were no significant differences in relative 
specific activities or total relative activities of the 
phospholipins on an absolute or body weight basis at 
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4hr. between any of the dietary groups with or 
without choline supplements (Table 4). There was 
less variability in the phospholipin relative specific 
activities of the animals on low-protein, high-fat 


diets than was shown by animals on the more mixed , 


stock diet. 

The values of specific activities at 4 hr. of choline: 
containing phospholipins were on the whole close to 
those for total phospholipin in all groups of animals, 
suggesting that different fat accumulations were not 
related to differences in the percentage molecular 
turnover rates of the phosphorus of the choline and 
non-choline-containing phospholipin fractions. This 
is confirmed by the close agreement of the specific 
activity-time curves of the choline-containing and 
total phospholipins. 


Changes in amounts and composition of 
phospholipin 


From Table 4 it can be seen that the amount of 
liver phospholipin per unit of final body weight is 
significantly lower in the animals from the third and 
fourth generations fed palmitic acid for 12 days than 
in animals of the same generation fed oleic acid 
(t=2-34, n1=22, p=0-035) or the control diet 
(t= 2-65, n1 = 22, p=0-017). There was no significant 
difference between the third and fourth generation 
oleic acid-fed animals and the controls. The amount 
of phospholipin per unit of body weight was not 
related to the liver lipid accumulation in third and 
fourth generation animals fed palmitic acid as these 
did not differ significantly from the fifth generation 
animals which failed to accumulate liver fat. 
Supplementation of the diet with choline did not 
alter this quantity either in palmitic or oleic acid-fed 
animals of the fifth generation. The ratio of dry 
defatted liver weight to body weight was the same 
in all groups. Therefore, there were similar differences 
in amounts of phospholipin on a dry defatted liver 
weight basis. 

The composition of the liver lipids of those rats in 
which the phospholipins were separated into choline- 
containing and non-choline-containing fractions is 
shown in Table 5. 


Table 3. Liver lipids and specific activity of liver inorganic phosphate 
(4 hr. after injection of **P.) 


Fat absorbed Liver lipid Specific activity 
\ No. of Final body inl2days (% dry defatted liver inorganic 
Description animals wt. (g.) (g-) liver wt.) phosphate 
Third and fourth generation palmitic 10 115 12-6 98-4 2-56 
acid-fed animals (with fatty livers) S.E. =9-43 S.E.=0-179 
Oleic acid-fed animals 13 125 12-5 36-1 2-27 
S.E. =3-98 s.E. =0-103 
Fifth generation palmitic acid-fed 9 114 11:8 30-2 2-08 
animals S.E. =3-05 8.E. =0-113 
Controls 10 140 _ 27-4 1-88 
S.E. = 1-54 s.z. =0-191 
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Table 4. Liver lipids and phospholipin radioactivities 
(4 hr. after injection of **P.) 
Total liver Total relative 
phospholipin Relative activity 
No. of Liver fat (g.) x 10*/body specific Total relative (g.) x 100/body 
Description animals (% fresh wt.) wt. (g.) activity x 100 activity (g.) wt. 
Palmitic acid-fed animals: 
Third and fourth generation 11 18-24 8-38 29-98 2-95 2-55 
(with fatty livers) S.E. = 1-37 S.E. =0-093 S.E. =2-04 $.E. =0-275 S.E. =0-222 
Fifth generation 9 6-84 8-14 31-46 2-94 2-59 
8.E. =0-532 S.E. =0-470 S.E. =2-20 s.E. =0-981 S.E. =0-254 
Fifth generation palmitic 9 4-74 7-79 35-60 3-18 2-74 
acid + choline-fed animals 8.E. =0-250 S.E. =0-239 $.E. =2-25 S.E. =0-257 $.E.=0-218 
Oleic acid-fed animals: 
Third and fourth generation ll 8-26 10-50 29-70 4-15 3-27 
S.E. =0-814 S.E. =0-270 S.E. = 1-76 S.E. =0-639 S.E. =0-422 
Fifth generation 2 6-20 9-42 29-10 3°35 2-68 
S.E. =0-360 S.E. = 1-89 S.E. =6-30 S.E. =0-370 S.E. =0-340 
Fifth generation oleic acid 5 5°30 9-51 31-50 3-62 3-00 
+choline-fed animals 8.E. =0-500 S.E.=1-03 8.E. = 1-92 S.E. =0-621 S.E.=0-414 
Controls: 
Third and fourth generation 1l 6-06 13-37 38-90 3°77 2-73 
S.E. =0-190 S.E. = 1-86 s.E. =6-00 8.E. = 0-363 S.E. =0-269 
Table 5. Changes in phospholipin composition\and liver lipid accumulation 
Choline- Amount Amount 
Acetone- Total containing choline- non-choline- 
Liver fat soluble phos- total containing containing 
No.of (% fresh lipins pholipin phospholipin phospholipin phospholipin 
Description animals wt.) (mg.) (mg.) % (mg.) (mg.) 
Palmitic acid-fed animals: 
Third and fourth generation 6 19-7 881-8 105-5 59-1 63-03 42-87 
(with fatty livers) 8.E.=1-59 s.E.=120-8 s.E.=5-17 s.E.=4-18 S.E. =6-43 S8.E. =3-98 
Fifth generation 9 6-84 150-9 92-5 65-0 58-5 34:3 
S.E.=0°532 S.E.=22:°3 s.u.=463 8.5.=5-17 8.E. =2-71 $.E. =6-25 
Fifth generation palmitic 9 4-74 85-2 88-9 71-5 63-2 25-5 
acid + choline-fed animals 8.E.=0°250 8s.E.=7:20 s.E.=4:04 S.E.=2-25 S.E. = 4-06 S.E.=3-77 
Oleic acid-fed animals: 
Third and fourth generation 7 9-57 334-1 140-1 47-9 66-4 73-6 
8E.=117 s.5.=68-4 3S.E.=21-1 38.5.=4-01 S.E. =9-74 S.E. =13-9 
Fifth generation 2 6-20 155-0 118-0 64-2 76-9 41-0 
8.E.=0°360 s.z.=260 s.z.=13:0 $S.E.=9-25 $.E.=19-1] S.E. =6-20 
Fifth generation oleic acid 5 5-30 117-4 114-3 82-0 93-6 20-6 
+ choline-fed animals s.z.=0°500 s.E.=19-'9 s.z.=16-2 s.z.=1-98 8.E. =13-1 S.E. =4-06 
Controls 5 6-18 175-1 202-0 57-9 109-6 92-4 
8.E.=113 s.E.=45°7 s.z.=29-1 8.E.=7-47 S.E. =9-28 S.E. = 29-6 


In the oleic acid-fed animals there is an indication 
that as the choline-containing phospholipin increased 
there was a reduction in the amount of non-choline- 
containing phospholipin with resulting constancy 
in the total phospholipin. The palmitic acid-fed 
animals, however, showed a remarkable constancy in 
amounts of choline-containing phospholipin, so that 
reductions in total amounts of phospholipin were 
due to reductions in the non-choline-containing 
fractions. There is also some indication that 


reductions in amounts of non-choline-containing 
phospholipin in both oleic and palmitic acid-fed 


animals were accompanied by reductions in amounts 
of acetone-soluble lipids. 


DISCUSSION 


Figs. 1 and 2 show that in both oleic and palmitic 
acid-fed animals depots are depleted due to a low 
food intake. The fact that an increased food con- 
sumption does not reduce the weight loss of the 
palmitic acid-fed animals indicates the presence of 
some factor in addition to the amount of food eaten. 
Hodge, MacLachlan, Bloor, Stoneburg, Oleson & 
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Whitehead (1941) and MacLachlan (1944) have ob- 
tained evidence that in fasting mice the depot fat 
which is metabolized has an iodine number of 80. If 
palmitic acid provides a large proportion of the 
energy value of the food supplied to the body, and if 
in the rat an iodine number of the same order is 
obligatory for fat combustion by the liver and 
possibly elsewhere in the body, then it is likely that 
either the palmitic acid will not be metabolized and 
will accumulate, or the iodine number of the fat 
being metabolized will either be raised by desatura- 
tion or by blending with unsaturated fatty acids. 
The present work indicates that the latter is the case. 
Hodge et al. (1941) found that the liver of the fasting 
mouse metabolizes 92 % of the depot fat on the first 
day; a maximum of 8% accumulates in the liver. 
Animals in our experiment consumed up to 20 g. of 
palmitic acid, and depleted their depots of approxi- 
mately 10 g. of fat; the highest accumulation of fat 
in the liver was only 750mg. The fact that the 
dietary fat had an iodine number of zero, but that 
the liver triglyceride maintained an iodine number 
of 75 indicates that a considerable proportion of the 
liver fat accumulation is not dietary palmitic acid. 
This may be partly due to desaturation, but the 
depletion of the depots indicates that mobilization 
and blending of the fatty acids of the depots with 
palmitic acid are also occurring. Release of lipids 
from the depots may explain the diminished water 
intake of the palmitic acid-fed animals as being due 
to the operation of a depot-mobilizing pituitary 
factor, influencing the water balance. (Best & 
Campbell, 1936). 

The significant reduction of percentage of liver fat 
below the normal level when choline is fed with 
palmitic acid may indicate that choline has a 
particularly important role in the metabolism of 
saturated fats. Work is in progress to determine if 
choline restores the iodine number of the liver 
triglyceride to normal levels. 

Hodge et al. (1941) found a constant level of phos- 
pholipin in their fasting mice despite combustion of 
considerable amounts of depot fat by the liver, and 
interpreted this as indicating a relatively unim- 
portant participation of the phospholipins in this 
combustion. Studies of the levels of liver phospho- 
lipins in fasting have been complemented by work 
with *2P, by Hodge, MacLachlan, Bloor, Welch, 
Kornberg & Falkenheim (1947), who found that the 
specific activity of liver phospholipins showed a 
sharp increase on the second day of fasting. How- 
ever, Kaplan & Greenberg (1944c) have shown that 
rats fasted for 3 days had marked increases in the 
specific activity of their liver inorganic phosphate, 
which could in turn produce a rise in the specific 
activity of the liver phospholipins without any real 
change in the turnover rate of the latter. A re- 
investigation of the turnover of liver phospholipin 
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during fasting including measurements of activities 
of inorganic phosphate would appear to be worth 
while, but at present it seems that evidence for 


increased turnover rates produced by release of 


depot fats to liver is ambiguous. 

The correlation of specific activity of liver in- 
organic phosphate with amounts of liver lipid shows 
the importance of measuring the specific activity of 
liver inorganic phosphate or some other precursor 
in work on phospholipin turnover rates in which 
different lipid accumulations are to be expected. 

The differences in specific activity of liver in- 
organic phosphate may be due to several factors. 
The accumulation of excess liver lipid may alter the 
permeability of liver cells to plasma inorganic phos- 
phate. In this connexion it is of interest that Flock, 
Bollman & Mann (1936) have found a marked 
reduction in liver inorganic phosphate in dogs with 
fatty livers. Derangements of liver phosphate meta- 
bolism due to the presence of excess lipid are also 
indicated by the work of Ennor & Stocken (1948) 
who found increases in amounts of the labile phos- 
phate fractions in fatty livers produced by carbon 
tetrachloride poisoning. 

Our observations indicate a remarkable constancy 
of percentage molecular turnover rates even when 
adequate choline is available, despite the con- 
siderable differences in the nature of the dietary fat. 
No differences in the quotient of phospholipin radio- 
activities and the radioactivities of the total acid- 
soluble phosphorus of the small intestine were found 
by Zilversmit, Chaikoff & Entenman (1948), despite 
the feeding of single doses of different fats. In the 
present experiment, however, the greatest pro- 
portion of the weight loss occurred during the first 
half of the experimental period, and it is therefore 
possible that changes in the phospholipin turnover 
rates, due to mobilization and accumulation of fat, 
might have been detected if measured at some time 
before the twelfth day. 

An increase in phospholipin turnover rates, caused 
by single doses of choline and high-fat diets, has 
been found by other workers. Perlman & Chaikoff 
(1939) state that the effect of a single dose of choline 
is of short duration. In the present experiment when 
choline was administered it was fed in the diet, and 
therefore a sharp rise in turnover rate, due to 
synthesis of new phospholipin molecules, was not to 
be expected. However, the continuous feeding of 
choline might have produced a steady state at a 
higher turnover rate in view of the overall increase 
in fat metabolism in the palmitic acid-fed animals. 

The interpretation of the relationship between 
percentage and amounts of choline-containing phos- 
pholipins and fat accumulation is difficult. Artom 
& Fishman (19436) using 2-3-month-old rats, pre- 
vented fatty infiltration of the liver by choline 
supplementation, but did not raise the low values of 
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choline-containing phospholipins observed in the 
animals on the unsupplemented low-protein diet. 
However, Fishman & Artom (1944), using weanling 
rats, not only prevented the infiltration of fat by 
choline supplementation, but raised the percentage 
and absolute amounts of the choline-containing 
phospholipins, with a corresponding decrease in the 
non-choline-containing phospholipins. Similar results 
were obtained by Fishman & Artom (1946) with 
100 g. male rats. From the present work there is an 
indication that the amounts of non-choline-con- 
taining phospholipins vary directly with the amount 
of acetone-soluble lipids, while the amount of 
choline-containing phospholipins may be constant, 
as in the palmitic acid-fed animals. Channon & 
Wilkinson (1936) selected natural fats to give a series 
of iodine numbers and found no correlation between 
amounts of lecithin and fat accumulation, but un- 
fortunately kephalin was not estimated. Our 
evidence for the different effects of dietary oleic and 
palmitic acids on the amounts of liver choline- 
containing phospholipins indicate the importance 
of considering the nature of the fatty acids in work 
on phospholipin metabolism. 

If the rate of renewal of the fatty acid of the phos- 
pholipin differs widely from that of the phosphate, 
it is possible that tracer studies with marked fats 
would show that changes in amounts of phospho- 
lipins are accompanied by changes in molecular 
turnover rates. From the preliminary experiment 
on the molecular rate of turnover of phospholipin 
phosphorus it was estimated that a change in meta- 
bolism of approximately 30 mg. of fatty acid by the 
phospholipins could be detected, on the assumption 
that fatty acids were renewed at the same rate as the 
phosphorus. It might have been expected that there 
would be changes in phospholipin turnover rates 
related to either the changes in overall fat meta- 
bolism or to differences in liver lipid accumulations. 
The present work indicates no changes in turnover 
rates of liver phospholipins despite the mobilization of 
large amounts of depot fat and the greatly increased 
fat metabolism in the palmitic acid-fed animals. The 
possibility of removal of accumulated liver lipids by 
a mechanism involving an increase in phospholipin 
turnover rates was not apparent in the present 
investigations, since in the only experiment in which 
enough choline was supplied to palmitic acid-fed 
animals to allow increases in turnover rates there 
were only slight accumulations of fat in the livers of 
their litter mates not receiving choline. 

The reduction in amounts of total phospholipin 
on a body weight basis in the palmitic acid-fed as 
compared with the oleic acid-fed animals was the 
only clearly significant change produced in the phos- 
pholipins by the nature of the dietary fat. 

Low-protein, high-fat diets did not produce any 
changes in the molecular or total turnover rates of 
the liver phospholipins on an absolute or body weight 
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basis, from the values observed for animals on stock 
diet. This is in agreement with Bollman & Flock 
(1946). 

The present work indicates that increases in liver 
fat accumulations caused by feeding saturated as 
compared with unsaturated fatty acids may be due 
to increased fat mobilization and metabolism super- 
imposed on a deficiency of lipotropic factors. 


SUMMARY 


1. Aninvestigation has been made of the amounts 
of liver lipid accumulating during the feeding of rats 
with large amounts of pure saturated and un- 
saturated fatty acids. 

2. Low-protein high-fat diets containing pure 
oleic and palmitic acids were fed to rats. Analyses 
were made of carcass and liver lipids, and liver 
phospholipins. *7P was employed in the measurement 
of phospholipin turnover rates. 

3. The metabolism of large amounts of dietary 
palmitic acid is accompanied by simultaneous release 
of large amounts of depot fat. Metabolism of oleic 
acid does not impose a similar demand on the fat 
depots. 

4. There is a pronounced difference in the per- 
centage of liver fat of different litters of rats when 
oleic and palmitic acids are fed; in the animals from 
the litters in which liver fat accumulates, sig- 
nificantly higher percentages of liver fat are obtained 
for palmitic acid-fed than for oleic acid-fed animals. 

5. Feeding palmitic acid reduces the amount of 
total liver phospholipin per unit of body weight as 
compared with animals fed oleic acid or stock diet. 

6. There is some evidence that different relation- 
ships exist between the choline-containing and non- 
choline-containing liver phospholipins when oleic 
and palmitic acids are fed. 

7. A correlation has been found between the 
amount of liver lipid expressed on a dry-weight 
basis and the amount of radioactivity per unit of 
liver inorganic phosphate 4 hr. after injection of 
radiophosphate. 

8. Phospholipin turnover rates, measured by 
employing *2P to mark the phosphate component of 
the molecule, show no correlation with amounts of 
liver lipids or with gross changes in fat metabolism 
caused by palmitic acid feeding. This indicates that 
either phospholipin turnover rates may not be 
involved, or that the rate of turnover of radioactive 
phosphate is not a measure of that of the fatty acid 
on the phospholipin molecule. 

9. The factors causing liver lipid accumulations 
in animals fed diets containing large amounts of 
saturated fatty acids are discussed. 


The authors would like to thank Prof. B.S. Platt for much 
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technical assistance in the construction of part of the Geiger- 
Miiller equipment. 
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Renal Function as Affected by Experimental Unilateral Kidney Lesions 
2. THE EFFECT OF CYANIDE 


By T. F. NICHOLSON, Department of Pathological Chemistry, University of Toronto 


(Received 14 February 1949) 


An earlier paper (Nicholson, Selby & Urquhart, 
1938) described some of the functional changes 
occurring when a mild degeneration of the cells of 
the proximal convoluted tubules is produced by 
sodium tartrate. One effect is an interference with 
the selective permeability of the tubular cells such 
that there is back diffusion of substances to which the 
walls of the tubules are normally impermeable 
(e.g. inulin, creatinine, ferrocyanide). Bobey, 
Longley, Dickes, Price & Hayman (1942) reported 
a similar effect with uranium nitrate. It was thought 
possible that any substance which caused tubular 
degeneration or which interfered with tubular 
function might also produce changes in the perme- 
ability of the cells lining the tubules. To test the 
latter possibility the effect of cyanide has been 
studied. In the isolated kidney Starling & Verney 
(1925) found that cyanide completely inhibits 
tubular activity and results in the excretion of a 
urine which is essentially an ultrafiltrate of the 
plasma, i.e. unchanged glomerular filtrate. 

The present experiments show, however, that 
when cyanide is added to the blood flowing through 
the kidney im situ its nephrotoxic action is more 
selective. 


METHODS 
Physiological techniques 


Preparation of the animals. Female dogs of from 7 to 8 kg. 
were used. Under nembutal anaesthesia the femoral artery 
and vein on both sides and one jugular vein were exposed. 
The kidneys were exposed through a long mid-line incision, 
and the renal artery and vein on each side were gently freed 
from the surrounding perirenal fat. When the cut surfaces 
had ceased oozing the animal was heparinized. Thin-walled 
silver cannulae, of approximately the same internal diameters 
as the vessels in which they were to be used, were inserted 
into the renal and femoral vessels. The femoral and renal 
veins and the femoral and renal arteries were joined by 
moderately thick-walled rubber tubing running through the 
abdominal cavity. Each length of rubber tubing had a glass 
T tube inserted in its course so that one end of each T tube 
was in immediate juxtaposition with the free end of the 
respective femoral cannula. The side arms of the arterial 
T tubes were each attached to a mercury manometer. From 
each venous T tube a short piece of rubber tubing, closed by 
a pinchcock, led into a 500 ml. cylinder. A graduated 
reservoir contained 1500 ml. of heparinized blood, obtained 
immediately before the experiment from dogs whose blood 
gave no cross agglutination with that of the experimental 
animal, was attached by a rubber tube, closed by a pinch- 
cock, to a cannula inserted into thé jugular vein. The urinary 
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bladder was then opened down the mid-line anteriorly and 
the ureters catheterized. 

Injection of cyanide. The rate of blood flow through the 
kidneys was determined by placing bull-dog clamps on the 
femoral veins just distal to the T tubes and simultaneously 
opening the pinchcocks on the outlet tubes. The blood was 
allowed to flow into the graduated cylinders for 5-10 min., 
depending on the rate of flow, and the minute flow measured. 
At the same time the dog was transfused through the jugular 
vein at approximately the same rate as the combined outflow 
from the kidneys. No appreciable change in renal blood 
pressure or blood flow was noted during the time of measure- 
ment. The rate in different animals varied from 40-75 
ml./min. and was usually constant throughout the period 
of measurement. Except in a few animals, which were 
discarded, the rate of blood flow was practically identical for 
each kidney of the same animal. When the renal blood flow 
had been determined a continuous fine stream of 0-67 M-NaCN 
solution of pH 7-4 was introduced into the blood going to the 
left kidney at the rate of 0-25 ml. for every 100 ml. of blood. 
This gives a concentration of cyanide in the blood of approxi- 
mately m/600 as used by Starling & Verney (1925). The 
solution was injected through a no. 27 needle inserted 
through the wall of the rubber tubing connecting the femoral 
and renal arteries at a point just proximal to the mahometer 
T tube. The needle was connected to a modified Woodyatt 
pump by 2 ft. of pure gum rubber tubing of } in. inside 
diameter and ; in. wall. With thisarrangement the solution 
could be delivered with a steady flow at rates of 0-1-1-0., 
ml./min. Under these conditions complete mixing of the 
blood and injected fluid takes place. This was shown by some 
preliminary experiments in which solutions containing 8% 
creatinine were injected at the same rate as the cyanide 
solution. Samples of blood taken from the renal artery 
contained 20 mg. (-+ 1 mg.) of added creatinine/100 ml. 

During the period of cyanide injection, which lasted for 
13 min., the blood from the renal veins was again run into 
the graduated cylinders and the blood flow measured, the 
blood lost being replaced by transfusion from the reservoir. 
No significant changes in blood flow or blood pressure were 
produced by the injection of cyanide. The blood from the 
right kidney was returned at 2 min. intervals to the trans- 
fusion reservoir. The cyanided blood from the left kidney was 
discarded. After discontinuing the cyanide injection the 
blood flow from the right kidney was again directed into the 
right femoral vein. That from the left kidney was allowed to 
flow into the cylinder for a further 2 min. to wash away any 
traces of cyanide before directing the flow into the left 
femoral vein. 

Collection of urine and blood. Urine was collected under oil 
in tubes graduated to read to 0-02 ml. 

Blood was taken with a tight-fitting oiled syringe from the 
‘arterial’ tubing just distal to the renal artery of each kidney 
in the first four dogs. As there was no essential difference 
found between the bloods from the two arteries, samples in 
the remaining dogs were taken from the right ‘arterial’ 
tubing just before it entered the abdominal cavity. The blood 
(already heparinized in the animal) was centrifuged in a 
completely filled tube (Peters & Van Slyke, 1931) and all 
estimations done on the plasma. 

Clearance technique. Immediately after the animal was 
anaesthetized a priming infusion of 1 g. creatinine, 1-5 g. 
inulin and 25 mg. phenol red in 50 ml. of 0-89% saline was 
given into a vein in the fore-leg at the rate of 10 ml./min. 
This was followed by a sustaining infusion of 1 g. creatinine, 
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1 g. inulin and 125 mg. phenol red in 500 ml. 0-89% saline 
given at the rate of 2 ml./min. This maintained a fairly 
constant level of the above three substances in the blood for 
the period during which the clearances were being estimated. 

Two consecutive 10 min. clearance tests were made before 
the injection of cyanide. The ‘cyanide’ clearances were 
started 3 min. after the commencement of the cyanide 
injection and were continued for 10 min. In a few cases the 
collection was made in two periods of 5 min. each. Blood 
was collected before and after each clearance period. 
Clearances of creatinine, inulin, urea and phenol red were 
estimated for each kidney, and the amount of glucose and 
chloride in the urine determined. Plasma urea was deter- 
mined on a specimen taken at about the middle of the 
experimental period. Plasma creatinine, inulin and phenol 
red were determined on all specimens. Clearances were 


y 


calculated by the usual formula — =C, where U =con- 





centration in the urine in mg./100 ml., V =urine flow in 
ml./min., P=concentration in the plasma in mg./100 ml. 
and C =amount of plasma ‘cleared’ in ml./min. 


Analytical methods 


Plasma. Urea was determined by the method of Van 
Slyke & Cullen (1916). 

Inulin was estimated by determining the reduction 
obtained after hydrolysing a tungstic acid filtrate (Van Slyke 
& Hawkins, 1928), from which the glucose had been removed 
by fermentation with washed baker’s yeast, with N-H,SO, for 
2 hr. at 90°. A blank determination was done on plasma 
obtained before starting the infusions. Reduction was 
measured by the Harding & Downs (1933) modification of 
the Shaffer-Somogyi reagent. Creatinine was determined by 
the method of Folin & Wu (1919) using the Evelyn photo- 
electric colorimeter. Total phenol red was determined by 
adding 5 ml. 10% Na,CO, solution to 10 ml. of a 1 in 10 dilution 
of plasma and measuring the colour developed in the Evelyn 
photoelectric colorimeter using a no. 540 filter. 

Free phenol red in plasma was calculated using the formula 
z = KC (Grollman, 1925), where X = mg. bound dye/100 ml., 
M=percentage of albumin, K=0-66 for dog plasma 
(Shannon, 1935), C =mg. free dye/100 ml. and 1/n=0-83 for 
dog plasma (Shannon, 1935). 

Chloride was determined by the titrimetric method of 
Sendroy (1937), and pH with the Beckman pH meter using 
the glass electrode. 

Urine. Urea was estimated as for plasma using | in 50 or 
1 in 100 dilutions. 

Inulin was estimated by the reduction produced on 
hydrolysis using a 1 in 400 or 1 in 800 dilution of urine. At 
these dilutions the small amounts of glucose in the urine 
gave no reduction and the blank was negligible. 

Phenol red was estimated as in plasma using dilution of 
1 in 400 to 1 in 800. 

Glucose was estimated on HgSO,-BaCO, filtrates (West, 
Scharles & Peterson, 1929) by determining the decrease in 
reducing values after fermentation with baker’s yeast. 

Creatinine was determined on 1 in 400 to 1 in 800 dilutions 
of urine by the method used for plasma. 

Chloride was determined by Sendroy’s ‘exact’ titrimetric 
method and pH with the Beckman pH meter with a glass 
electrode. 
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RESULTS 


Table 1 gives all the findings in a typical experiment 
(dog 5). In Table 2, the results obtained on both 
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It will be noted that cyanide has little effect on 
glucose reabsorption. Urine volume is increased 
from about 5 to approximately 15 times, but never 
approaches the volume of the glomerular filtrate, 


Urine chloride and pH are the same as that of the 
plasma. The clearances of inulin and creatinine are 
unaffected, but the clearance of urea is decreased to 


right and left kidneys during the period in which the 
blood containing M/600 cyanide was flowing through 
the left kidney are given. 


Table 1. Effect of cyanide on renal function 


(Period no. 1 before, period no. 2 during the injection of cyanide into the left renal artery; 
R.K. =right kidney; L.K. =left kidney.) 


Chloride 
(mg./100 ml.) pH 
SSS 


Urine 


Glucose 
(mg./100 ml.) 
Urine 


Urine volume 
(ml./min.) 
L.K. 


0-3 
3-3* 


Urine 
R.K. 


0-28 
0-33 


Plasma 
7-47 
7-46 


L.K. 
6-00 
7-48* 


R.K. 
6-05 
6-10 


Plasma 


371 
366 


L.K. 
816 
369* 


R.K. 
799 
773 


L.K. 
14-1 
31-8* 


R.K. 
9-8 
16-5 


Clearances 
woccmamen 


U/P ratiof 
a 


Creatinine Urea 


L.K. 


Pe ae es 

‘Free’ 

phenol 
red 


L.K. 


Phenol red 
R.K, 


Inulin Urea 


porn eee 


= 
L.K. 


Creatinine 
Period ——*——_, _ — 
Lk. BK. 


no. R.K. L.K. 


R.K. 


150 101 104 
14* 104 5* 


+ Urine/plasma ratio. 


= A 
Re. GR. L.K, R.K. 


1 46 44 43 45 30 31 63 60 —_ 143 
2 A4 42* 41 43* 31 17* 61 11-3* 45* 150 
* Blood flowing through left kidney for this period contained m/600 sodium cyanide. 


Table 2. Effect of cyanide on certain renal functions 


(Sodium cyanide (m/600) introduced into the blood going to the left kidney. 
Right kidney served as control.) 
Clearances 
SSS eee 
‘Free’ 
Phenol phenol 


Chioride U/P ratio* 


Glucose (mg./100 ml.) 

(mg./100 
ml.) 
14-1 
36-5 
11-7 
28-2 
19-8 
34-1 
8-2 
15-6 
16-5 
31-8 
9-4 
21-0 


Urine 

volume Creat- 
Urine Plasma Urine Plasma (ml./min.) inine Inulin Urea red red 
867 393 613 7-43 0-47 40 39 19 63 
400 399 740 17-42 3-87 38 37 9 8-0 
799 385 592 7-51 0-35 52 54 30 85 
389 390 7:53 7:50 3-15 55 51 16 11-7 
807 397 6-76 17-39 0-93 48 51 28 95 
396 400 7:43 7-41 4-65 50 49 16 13-3 
826 387 5:57 7-44 0-40 41 39 17 58 
393 389 7:40 7-42 4-18 38 35 10 8-6 
846 371 600 #7:47 0-30 44 45 31 60 
369 366 7:48 7-46 3-30 42 43 17 11:3 
759 385 624 17-48 0-38 54 51 32 87 
390 384 745 17-47 4-51 47 47 17 12-6 
859 383 6:37 7-45 1-13 55 53 22 108 
372 379 7-45 7-46 5-79 55 54 12 14-7 
907 403 605 #£7:47 0-45 50 51 34 94 
413 409 7-48 7-48 3-97 52 50 18 13-6 
778 382 5-74 17:39 0-42 80 81 46 127 
377 —s 381 740 7:38 4-36 ae 80 26 19-6 
921 413 7:92 17-54 0-87 54 56 38 112 
415 410 7-55 7-53 5-23 50 53 20 16-1 
867 387 7-98 7-53 1-07 53 55 34 83 
392 389 7:53 17-54 6-43 56 53 19 . 11-9 
883 389 7-97 7-52 0-40 46 47 30 86 
395 391 750 867-51 5-68 42 44 16 11-7 


* Urine/plasma ratio. 


pH 
Creat- 
inine 
85 
9-8 
148 
17-5 
52 
10-8 
103 
9-1 
150 
14 
142 
11-1 
49 
9-5 


Dog 
no. 
1 


Kidney Urea 


40 


2 
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almost one half of the normal value. The ‘total’ 
phenol red clearance is only 15% of normal. When 
the phenol red clearance is calculated using the 
figure for ‘free’ phenol red in the plasma it is found 
to be practically the same as the creatinine and 
inulin clearances. 


DISCUSSION 


The main difference between the effect of cyanide on 
the isolated kidney as reported by Starling & Verney 
(1925) and its effect on the kidney in situ lies in the 
continued ability of the latter to reabsorb glucose 
after poisoning with cyanide and in its ability to 
concentrate the urine to a considerable extent. 

The fact that the clearance of creatinine and 
inulin is not changed during the period of cyanide 
action shows that the permeability of the cells to 
these two substances is unchanged. The marked 
decrease in urea clearances is presumptive evidence 
of increased back diffusion of this substance, as it is 
inconceivable that the glomerulus could become less 
permeable to urea and still filter inulin and creatinine 
at the normal rate. This increased back diffusion 
could be due to a change in cellular permeability for 
urea. It seems more likely, however, that the cells 
of the distal tubules and the collecting tubules have 
to perform work, involving the use of enzyme 
systems inhibited by cyanide, to prevent urea from 
diffusing back from the concentrated tubular urine, 
in contrast to inulin and creatinine which probably 
remain in the lumen of the tubules because the cell 
membranes are not permeable to these substances. 

The marked diuresis is further evidence that the 
oxidative systems in the cells are necessary for the 
performance of much of the osmotic work of the 
kidney. On the other hand, reabsorption of normal 
amounts of glucose is little affected and can appa- 
rently proceed anaerobically. Whether or not the 
total ability to handle glucose is decreased was not 
determined, as we were unable to establish the 
glucose 7’m (the maximum amount of glucose which 
the kidney can reabsorb in 1 min.) in the short time 
in which it was practical to carry on the experiment, 
but it seems quite probable that this might be the 
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case in view of the small but consistent increase in 
glucose in the urine, and the partial decrease in the 
ability of the kidney to concentrate the urine and to 
prevent the back diffusion of urea. The secretory 
powers of the kidney, at least in respect to phenol red 
excretion and ammonia formation, appear to be 
concerned with oxidative mechanisms as they are 
completely abolished by cyanide. The loss of the 
kidney’s ability to change the pH of the urine from 
that of the glomerular filtrate may be explained on 
the basis of the mechanism of urinary acidification 
advanced by Pitts & Alexander (1945), by the 
suspension of the oxidative metabolic processes 
within the tubular cells with a consequent lack of 
carbon dioxide for the formation of carbonic acid, 
the probable source of the hydrogen ions exchanged 
for the sodium ions in the tubular urine. 

Poisoning of the kidney with cyanide therefore, 
which inhibits the action of some of the enzyme 
systems within the cell without producing morpho- 
logical changes, does not alter the character of the 
tubular wall as a semi-permeable membrane, but 
does abolish a number of its secretory powers and 
markedly decreases the amount of osmotic work 
which cah be performed. 


SUMMARY 


1. A method for perfusing one kidney in situ with 
cyanided blood, while using the other kidney as a 
control, is described. " 

2. The general concentrating power of the kidney 
poisoned with cyanide is only about one tenth that of 
the normal kidney and its ability to concentrate 
chloride is entirely lost. 

3. Clearances of creatinine and inulin are un- 
changed, but the clearance of urea is decreased 50 %. 

4. The tubular secretion of phenol red and 
ammonia is completely inhibited. 

5. The kidney loses its ability to change the 
hydrogen-ion concentration of the glomerular 
filtrate. 

6. The reabsorption of glucose is practically 
unaffected. 
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